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Particles Without Borders 


Aerosols have important and often adverse 
impacts on atmospheric composition, air 
quality, and climate. However, aerosols can 

be transported long distances, limiting the 
efficacy of local regulations. Yu et al. (p. 566) 
used satellite data to estimate how much of the 
aerosol load in the atmosphere above North 
America originates overseas. Approximately half 
of the dust and pollution over North America 
comes from Asia, Europe, Africa, and the Middle 
East. Asian dust is the largest fraction of this 
total. Furthermore, potential increases in dust 
emissions in response to climate change might 
overwhelm any reductions in pollution from 
emerging Asian economies. 


Unidirectional Growth 


Block copolymers, in which two dissimilar 
polymers are covalently joined 
together, can be designed 
to form micelles in solu- 
tion and can be used as 
self-assembling injectable 
gels for tissue engineer- 
ing or wound healing. One 
challenge is to find ways to 
create asymmetrical struc- 
tures, because normally, 
block addition would occur 
at both ends of the polymer 
chain. Rupar et al. (p. 559; 
see the Perspective by Pochan) 
devised a route to link together 
three diblock copolymers with a 
capping approach. Protecting one 
end during growth gave rise to 
asymmetrical structures. 


Initiating 
Mitochondrial Repair 


The mitochondrial unfolded protein response 
(UPRmt) mediates the up-regulation of nuclear 
encoded mitochondrial chaperone genes in 
response to mitochondrial dysfunction. How 
mitochondrial dysfunction is communicated 

to the nucleus is unclear, but requires the 
transcription factor, ATFS-1. Nargund e¢ al. 
(p. 587, published online 14 June) found that 
the key point of regulation in UPRmt signaling 
is mitochondrial protein import efficiency of 
ATFS-1. In addition to a nuclear localization 
sequence (NLS), ATFS-1 has a mitochondrial 
targeting sequence (MTS) that is necessary 

for UPRmt repression. ATFS-1 is normally 
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Learning to Recognize 


a Cuckoo 


Species that are parasitized by cuckoos have evolved several strategies for trying to avoid hav- 
ing their nests hijacked—one of the most obvious being outright attacking, or mobbing, of 
cuckoos that enter the area. However, cuckoos are not without evolved defenses—most com- 
mon cuckoo females look remarkably similar to a small hawk, and this mimicry deters mob- 
bing. Thorogood and Davies (p. 578; see the Perspective by Mappes and Lindstrém) show 
that social learning in parasitized birds can thwart this protective mimicry. When hosts observe 
mimics being mobbed, they are more likely to mob them, themselves, later. However, the hosts 
will only mob the color morph that they observed being mobbed. This specificity may have 
allowed for the evolution and maintenance of two female morphs within common cuckoos. 


imported efficiently into mitochondria and 
degraded by the Lon protease. However, in 

the presence of stress, some ATFS-1 fails to be 
imported into mitochondria and is trafficked to 
the nucleus. The juxtaposition of a C-terminal 
NLS to an N-terminal MTS in a transcriptional 
activator thus couples unfolded protein load 
in the mitochondrial matrix to a rectifying 
transcriptional response in the nucleus. 


ls Winter Past? 


Some plants are adapted to wait through 

the winter before their genetic programs for 
flowering are initiated. But the duration of 
winter varies with location, and thus, to avoid 
flowering too late into the summer or exposing 
blossoms to frost, the adaptation needs to hold 
the flowers off for just the right amount of time. 
Working with Arabidopsis thaliana, Coustham 
et al. (p. 584, published online 12 July) identi- 
fied a quantitative mechanism that “counts” 
off the duration of winter. FLC, a repressor of 
flowering, carries sequence polymorphisms 
that direct epigenetic events. Plants with fewer 
of these polymorphisms are adapted to short 
winters, and plants with all four polymorphisms 
are adapted to long winters. 
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So Close and So Different 


In our solar system, the rocky planets have very 
distinct orbits from those of the gas giants. Carter 
et al. (p. 556, published online 21 June) report 
on a planetary system where this pattern does not 
apply, posing a challenge to theories of planet 
formation. Data from the Kepler space telescope 
reveal two planets with radically different densities 
orbiting the same star with very similar orbital 
periods. One planet has a rocky Earth-like compo- 
sition and the other is akin to Neptune. 


Clamping Down 


Crystal structures of RNA polymerase show that 

a “clamp” region which surrounds the DNA 
binding site can adopt conformations ranging 
from a closed to an open state. Chakraborty et 
al. (p. 591) used single-molecule fluorescence 
energy transfer experiments to detect the clamp’s 
conformational changes in solution during the 
transcription cycle. The results support a model in 
which a clamp opening allows DNA to be loaded 
into the active-center cleft and unwound. Direct 
interactions with DNA likely trigger clamp closure 
upon formation of a catalytically competent tran- 
scription initiation complex. 
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NIH Basics 


“WHEN EVERYBODY GETS TO ONE SIDE OF THE BOAT, IT USUALLY TIPS OVER.” THAT SAYING MAY 
have originated on Wall Street, but it also stands as a warning to those charting the future of 
US. biomedical research. If the United States focuses too much of its investment on one part 
of the research continuum, the entire enterprise may sink. 

Perhaps with this in mind, some have questioned whether, in its quest to draw attention to 
translational research, the U.S. National Institutes of Health (NIH) may be underemphasizing 
basic research. The NIH will most assuredly continue its strong tradition of supporting basic 
research, which it defines as systematic study directed toward fuller knowledge or understand- 
ing of the fundamental aspects of phenomena and of observable facts without specific applica- 
tions in mind. Since 2003, the proportion of NIH funds spent on basic research, defined in this 
way, has ranged from 53 to 57%, standing at 54% for fiscal year (FY) 2012. 

A scan of Science’s top breakthroughs of 2011 shows that NIH- 
funded research and/or research resources enabled four of the six 
advances related to life sciences: three basic (cell senescence, human 
microbiome, archaic human DNA) and one clinical with deep roots 
in basic research (HIV treatment as prevention). Basic research also 
accounts for most of the 135 Nobel Prizes won by NIH-supported 
scientists, including the 2011 awards to Bruce Beutler and Jules 
Hoffmann for their discoveries about innate immunity, and the late 
Ralph Steinman for adaptive immunity. Likewise, current NIH grantee 
Arthur Horwich and past grantee F. Ulrich Hartl captured 2011 Lasker 
awards for landmark explorations of the cell’s protein-folding machin- 
ery. Their work, which provided insights on protein misfolding in neu- 
rodegenerative disease, is among countless examples of basic research, 
including that with model organisms,* giving rise to medical advances. 

But what is NIH doing to fuel the next generation of break- 
throughs? The agency is supporting basic research in all of Science’s biomedical “Areas to 
Watch” in 2012: elucidating metabolic pathways in stem cells; whole-genome sequencing for 
epidemiology; and developing new models of developmental brain disorders. NIH’s institutes 
and centers also survey the basic research horizon for exciting opportunities in their realms. 
Examples include efforts to understand the roles of microRNAs and competing endogenous 
RNA in gene regulation; detailed analyses of Drosophila and Caenorhabditis elegans biology 
supported by modENCODE (the identification of all functional elements of selected model 
organism genomes); and a trans-NIH effort to map the brain’s wiring in high resolution. The 
NIH Common Fund? has built a portfolio designed to tackle some of biology’s most funda- 
mental questions, including new efforts in extracellular RNA communication and single-cell 
analysis. The Common Fund’s High-Risk/High-Reward program has grown from $7.3 mil- 
lion in 2004 to $191.8 million in 2011, and further increasing the number of Pioneer and New 
Innovator awards will be a top NIH priority in FY2014. These awards are open to exception- 
ally creative scientists in any area of biomedical research, and if past trends continue, basic 
research will dominate. 

In this time of severe budget constraints, Americans need to know that today’s basic 
research is the engine that powers tomorrow’s therapeutic discoveries. They need to know 
that basic research is the type of science that the private sector, which requires rapid returns 
on investment, cannot afford to fund. They need to know that, because it is impossible to 
predict whence the next treatment may emerge, the nation must support a broad portfolio 
of basic research. And they need to hear it from all aboard the biomedical research ship, 
whether they are port, starboard, or somewhere in between. — Francis S. Collins 


Applied 


ee) 


10.1126/science.1227820 


*A. D. Gitler, R. Lehmann, Science 337, 269 (2012). +http://commonfund.nih.gov/ tH. R. Bourne, M. O. Lively, Science 337, 
390 (2012). 
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PLANT SCIENCES 


An Inside View of Infection 


Huanglongbing, or citrus greening, which is caused by bacteria transmitted by psyllid 
insects, has devastated citrus trees in Asia and Africa and is becoming a considerable 
threat in North America. Affected trees produce damaged fruit and typically will die 
within a few years. Several control measures have been brought into play but with 
little effect. Chiyaka et al. have now developed a mathematical model of citrus 
greening that may lead to more effective control strategies. Key to the model is 
considering the diseased entity to be not the whole tree, but rather the flush, a 
new growth of young leaves that the psyllid insects find particularly attractive. 
The model generated several outcomes that match observed disease characteris- 
tics: that rapid movement of the bacteria within the tree results in death in about 
5 years, and that the numbers of psyllid insects decline after the infection is well 
established. Some indications from the model suggested that nutritional support to 
the tree can help the tree sustain some healthy flush. Other indications suggest that 
insecticidal spraying is most effective when applied frequently and early in an infection. 
By designating the flush as the diseased entity, the authors leave room to consider infec- 
tion spread within a tree, which can occur without the psyllid vector. — PJH 


ASTRONOMY 
A Spiral Unraveled 


The origin of the spiral arms seen in galaxies is 
not fully understood. One long-standing theory 
posits that these bright, long, thin regions are 
manifestations of a long-lived density wave that 
moves with a constant angular speed. In the 
inner part of the galaxy, the stars and gas move 
faster than this density wave; in the outer part, 
the reverse is true. As gas moves into regions 


of higher density, it can get compressed and 
form stars. According to the density wave theory, 
these newly formed stars should appear slightly 
ahead of the arm traced by gas in the inner part 
of the galaxy and slightly behind in the outer 
part. To test this prediction, Ferreras et al. ana- 
lyzed the properties of 787 star-forming regions 
in the spiral structure of NGC 4321 (or M100), 


Proc. Natl. Acad. Sci. U.S.A. 109, 12213 (2012). 


a nearby galaxy with well-defined spiral arms. 
Using observations at different wavelengths to 
trace recently formed stars of different ages, 
they found that the distribution of stellar ages 
around the spiral arms does not follow the radial 
trend predicted by theory. For this galaxy, the 
data are consistent instead with short-lived 
spiral arms that corotate with the gas and the 
stars—thus adding to the evidence against the 
spiral density wave theory. — MJC 

Mon. Not. R. Astron. Soc. 10.1111/ 

j.1365-2966.2012.21017.x (2012). 


PHYSICS 
Bond Valence Under Pressure 


Many chemical elements display different 
valence states in the different compounds that 
they form. Some, like rare earths and actinides, 
can also have a mixed valence state within a 
single compound if the difference in energies 
between the competing states is small. Often, 
the valence state is deduced from structural 
data by assuming a simple dependence on the 
bond lengths. Souza-Neto et al. demonstrate 
that there is a big discrepancy between the 
results obtained from this bond-valence model 
and the direct measurements of the valence 
state of Eu in the compound EuO under pres- 
sure. At about 44 GPa, this oxide undergoes 

a transition from an NaCl-like to a CsCl-like 
structure, wherein the two phases coexist; 
above 59 GPa, only the CsCl phase remains. 
The authors found a mixture of Eu2tand Eu* in 
the intermediate-pressure regime, and a near 
recovery of a homogeneous Eu** valence state 


above 59 GPa, despite a 7% volume collapse 
associated with the structural transition; the 
bond-valence model based on structural data 
predicts a much higher valence. The results sup- 
port probing of both structure and electronic 
states in mixed-valence systems. — JS 

Phys. Rev. Lett. 109, 026403 (2012). 


EDUCATION 
Math + Science = Success 


Is there any truth to the idea that biology 
students are interested in science yet are ap- 
prehensive about math? Llamas et al. analyzed 
10 years of test results from undergraduate 
students enrolled in a plant physiology course 
in Spain. Only a basic level of mathemat- 
ics knowledge appropriate to the students’ 
background was required for answering the test 
questions. Questions requiring mathematical 
skills were defined as those that required cal- 
culations, interpretation of graphs, or analysis 
of a numeric table. Success on these questions 
was found to be 16% lower than success on 
corresponding nonmathematical questions. 
Moreover, mathematics-based questions were 
more often left blank, which suggests that the 
students themselves may doubt their ability 
to answer the question. Interestingly, success 
on mathematics questions ran in parallel with 
success in the course. These results highlight 
the need to integrate mathematical literacy into 
undergraduate biology courses to help students 
apply previously acquired skills to enhance their 
interest, and success, in biology. — MM 

Biosci. Educ. Electron. J. 19 (2012). 
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Ratchaburi Province, Thailand 1 
Dengue Vaccine Shows Promise 


A vaccine against dengue—a debilitat- 

ing and sometimes fatal viral disease that’s 
widespread in the world’s tropical regions— 
has shown promise in its first phase III trial, 
although it hasn’t entirely fulfilled the hopes 
of its producer, French vaccine manufacturer 
Sanofi. In a trial among 4002 children aged 
4 to 11 years in Ratchaburi Province in Thai- 
land, the vaccine proved safe and effective 
against three of the four circulating dengue 
strains, the company said in a press release 
on 25 July. The vaccine was designed to pro- 
tect against all four strains, which dengue 
experts say is the ideal. 

Sanofi declined to issue details of the 
study; they will be submitted for publica- 
tion soon, a spokesperson says. A vac- 
cine that protects against only three strains 
“might slow down licensure a bit,” says 


Spray-off. A Thai Disease Control officer sprays a 
chemical to kill dengue-spreading mosquitoes. 


Duane Gubler, a dengue expert at the Duke 
University—National University of Singa- 
pore Graduate Medical School Singapore, 
but would still “be very important from a 
public health point of view.” Because of 
cross-protection from the other strains, vac- 
cinated people would be unlikely to develop 
the most severe—and often fatal form—of 
the disease, called dengue hemorrhagic 
fever, Gubler says. At least five other den- 
gue vaccines are in clinical trials. 


Washington, D.C. 2 

U.S. Court Says Stem Cells 

Are Drugs 

AUS. federal court has found that a stem 
cell therapy offered by a Colorado clinic 

is a regulated drug. The ruling could spur 
a US. Food and Drug Administration 
(FDA) crackdown on other clinics offering 
untested adult stem cell treatments. 

Regenerative Sciences Inc. in Broomfield, 
Colorado, uses stem cells extracted from a 
patient’s own bone marrow to treat bone and 
joint injuries. The company calls its treatment 
a medical procedure. But in a 2010 suit, FDA 
argued that because the stem cells are more 
than “minimally manipulated” and the pro- 
cedure uses reagents that cross state lines, the 
cells are an FDA-regulated biological drug. 
On 23 July, the U.S. District Court for the 
District of Columbia in Washington, D.C., 
granted FDA an injunction, agreeing that 
“the cultured cell product is a drug” accord- 
ing to federal law. 

University of Minnesota bioethicist 
Leigh Turner says the ruling “is particu- 
larly important given ... the prolifera- 
tion of [U.S.] clinics marketing stem cell 
procedures,” many of which “appear to be 
pushing stem cell quackery.” Regenerative 
Sciences plans to appeal. 
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Washington, D.C. 3 
Fracking Report Under Scrutiny 


A controversial study of hydraulic fracking 
released in February will be reviewed by an 
independent panel of experts. The study was 
criticized last week when an advocacy group 
highlighted the financial ties of geologist 
Charles “Chip” Groat, the lead author of the 
study, to an energy company. 

The report analyzed the risks and benefits 
of hydraulic fracturing, or fracking, a type 
of drilling used to extract natural gas from 
shale. It found that fracking hasn’t contami- 
nated ground water. 

But Groat, former head of the U.S. Geo- 
logical Survey and now associate director 
of the Energy Institute at the University of 
Texas, Austin, didn’t disclose a potential 
conflict of interest: He serves on the board of 
Plains Exploration & Production Co., which 
conducts fracking in the United States. 

Groat says he thought his board mem- 
bership wasn’t relevant to the project and 
he didn’t have an actual conflict of interest. 
In a statement released on 24 July, Steven 
Leslie, provost and executive vice president 
of the University of Texas, Austin, said he 
hoped to have the independent review of the 
study completed in a few weeks. 
http://scim.ag/Groatfrack 


Halle, Germany 4 
Poor Review for Biofuels 


Germany’s National Academy of Sciences 
Leopoldina has come down firmly against 
the use of crops for energy. In a report issued 
on 26 July from a panel of more than 20 
experts who have been working together 
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First Light for HESS II 


The world’s largest tel 
space saw its first ligh 


cope to observe the highest energy photons from 
in Namibia last week. Paradoxically, the HESS II 


telescope—with a dish the size of two tennis courts—does not direct its 
gaze out into space, but inside Earth’s atmosphere. 
High-energy gamma rays are immune to conventional optics and don’t 


penetrate the at osphere. So HESS II looks out for flashes of blue wee 
diation, emitted by the cascade of parti 
ensue e when a gamma tay its the upper atmosphere. Its ultrafast s aps 


pixels per sky area compé 
of France's National 


aller Hae ee says Pascal Vincent 
te for Nuclear and Particle Physics. 


Astrophysicists think the gamma rays come from cosmic particle accel- 


erators such as super: 
an addition to the fo 


valed information about such objects. 


since 2010, the academy concludes that bio- 
fuels should play only a small part in the 
move toward sustainable sources of energy. 

Biofuels use more land area, generate 
more greenhouse gas emissions, and have a 
greater impact on the environment than other 
alternative energy sources such as photo- 
voltaic solar energy, solar thermal energy, 
or wind power. Biofuel crops may also find 
themselves competing with food crops for 
valuable land. 


\A 
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Washington, D.C. 5 

Ape Research Ban Moves 
Forward in Senate 

A Senate panel last week approved a bill that 
would ban invasive research on great apes in 
the United States. The Great Ape Protection 
and Cost Savings Act of 2011, sponsored by 
Senator Maria Cantwell (D—WA), would ban 
research that may kill, injure, or cause fear, 
pain, distress, or trauma to a great ape— 
defined as a chimpanzee, bonobo, gorilla, 
orangutan, or gibbon. It would also require 
that the more than 900 chimpanzees now 
being used in invasive research in the United 
States be retired. An amendment adopted 
during markup by the Senate Committee on 
Environment and Public Works would set up 
a federal task force to approve exemptions 
after consulting with the public. 

Research advocacy groups say the bill 
conflicts with a 2011 Institute of Medicine 
report recommending that chimp research 
continue under specific circumstances. The 


assive black holes, supernovae, and pulsars. HESS II, 
smaller dishes of HESS | that have operated at the 
site since 2004 (Science, 3 September 2004, p. 


. 1393), will give them unri- 


Federation of American Societies for Experi- 
mental Biology protested that the bill would 
make it difficult to start a research program 
quickly to study an emerging disease. A 
House of Representatives version of the bill 
is awaiting action by the House Energy and 
Commerce Committee health subcommittee; 
some onlookers say a final bill is unlikely to 
be approved by the full House and Senate 
this year. 


Three Q's 


Paleobotanist Kirk 
Johnson was named 
the new director of the 
Smithsonian Institu- 
tion National Museum 
of Natural History last 
week. Chief curator at the Denver Museum 
of Nature & Science, Johnson, 51, will start 
on 29 October, replacing Cristian Samper, 
who on | August took over the Wildlife 
Conservation Society in New York City. 
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Q: How do you want to influence the 
community? 

The museum is the urban touchpoint to the 
natural world. You have all these scientists 
making all these discoveries one wall away 
from 7.4 million visitors. I will be explor- 
ing ways to use social media, innovative 
exhibitry, and the Internet to make what 
happens at the museum more accessible. 


Q: What challenges does the Smithsonian 
natural history museum face? 

There’s a tremendous amount of confusion 
in this country about what science is and 
how science accrues knowledge for the bet- 
terment of the community. Connecting the 
content and the joy of science to the public is 
something that can be done better here than 
any place else in the country. 


Q: Do you have any innovative ideas for the 
renovation of the dinosaur hall? 

When people go to a museum, they see 
dusty dinosaurs; they don’t realize that 
new dinosaurs are being discovered at an 
incredible rate every year. My thought is: 
How do you make this exhibit something 
that demonstrates the vitality of paleontol- 
ogy? It’s also a science that has tremen- 
dous information about how the planet has 
changed through time. To realize that the 
polar regions have been forested for most 
of our history, not just covered by ice ... is 
a very amazing thing [about which] most 
people in the street have no idea. But that’s 
paleontology 101. 
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Random Sample 


Raindrops Keep Falling on My ... 


Birds do it. Bees do it. Even raindrops do it—pollinate flowers, that 
is. In China, researchers were puzzled by the high reproductive 
rates of an orchid called Acampe rigida. As flowers go, A. rigida 
doesn’t have much going for it: It has an attractive odor but offers 
no nectar reward to would-be pollinators, and such “deceptive” 
species tend to produce few fruits. Furthermore, it flowers during 
the rainy season, when visits by insects tend be rare. Nor do its 
flowers seem designed for self-pollination. So plant reproductive 
biologist Jiang-Yun Gao from the Chinese Academy of Sciences 
Xishuangbanna Tropical Botanical Garden and his colleagues 
spent 4 years studying this orchid in the wild and in the lab. 

The researchers filmed the flowers during a rain shower (as well 
as under an actual showerhead), and discovered a curious effect: 
When rain splashes on the orchid’s male sexual organs, it flicks 
a tethered, pollen-laden bundle upward. As the bundle bounces 
back on the tether, it lands exactly where it needs to be to pollinate 
the flower. Plants shielded from rain, on the other hand, produce 
no fruit, Gao’s team reports this week in Annals of Botany. 

A few other plants can be pollinated in the rain, but A. rigida 
seems to be the first discovered that really depends on rain to do 
this job. “I think it is likely to make plant reproductive biologists 
appreciate that rain is not always detrimental for flowers, caus- 
ing damage, but in some cases can actually aid in promoting 
reproductive success,” says co-author Spencer Barrett, a bota- 


nist at the University of Toronto, St. George, in Canada. 


FINDINGS 


Earth Keeps Sucking Up 
Greenhouse Gases 


Earth’s oceans, plants, and soils suck up 
about half of the carbon dioxide humans 
put in the atmosphere by burning fossil 
fuels. Without these carbon sinks operating 
at their usual pace, the additional green- 
house gas would make global warming 
even stronger. But the warming itself could 
be throwing a monkey wrench in the works 
by stressing plants and slowing their uptake 
of carbon dioxide. Some researchers have 
in fact reported a worrying slowing of car- 
bon dioxide uptake in one part of the globe 
or another. 

In this week’s issue of Nature, however, 
a group reports that the planet’s carbon 
sinks are on the whole doing just fine. The 
researchers calculated how much carbon 
has been going into sinks by subtracting the 
amount remaining in the atmosphere from 
the amount emitted over the past 50 years. 
In that time, global carbon uptake doubled 
to 5 billion tons per year—keeping pace 
with humans’ growing input—-so that about 


55% of emissions continues to be stored. 
That’s reassuring but says nothing about the 
future vitality of the world’s carbon sinks. 


Flushing Out Drug Users 


During one week in March 2011, Kevin 
Thomas, a toxicologist at the Norwegian 
Institute for Water Research in Oslo, and 
colleagues collected daily samples repre- 
senting 24 hours of sewage flow from 21 
sewage treatment plants in 19 cities across 


BY THE NUMBERS 

15.4 Percentage of men who 
have sex with men in the United 
States who are infected with HIV, 
according to a study published 
online 20 July in The Lancet. 


53 Number of low-income coun- 
tries that are projected to move 

to middle-income status by 2020, 
according to Bernhard Schwartlander, 
director for evidence, strategy, and 
results at UNAIDS. 


104 Kilometers per hour that a 
cheetah can run, or a duck can fly— 
still almost twice as fast as even the 
fastest Olympic athlete can run, 
notes a study published 28 July in 
Veterinary Record. 


Europe in order to find out how much of 
certain illicit drugs people in those cities 
consume. The samples were analyzed for 
traces of five different drugs. 

In the study, published in Science of the 
Total Environment, the researchers found 
that while cannabis consumption appeared 
to be similar throughout Europe, cocaine 
use per capita was highest in Belgium and 
other parts of west and central Europe, 
while methamphetamine levels per capita 
were highest in Scandinavian cities and 
Budweis in the Czech Republic. 

Some of the peaks may be due to 
drug production rather than consump- 
tion, Thomas cautions. Another source of 
uncertainty is that much is still unclear 
about drug metabolism in the body, says 
Fritz Sérgel, head of the Institute for Bio- 
medical and Pharmaceutical Research 
in Nuremberg, Germany, who was not 
involved in the work. The authors assumed 
that on average, 38% of a cocaine dose 
is excreted. “How good that value really 
is still needs to be shown,” Sérgel says. 
http://scim.ag/flushdrugs 


| LIVE | 


ScienceLIVE is on hiatus. We will return at 
3 p.m. EDT on Thursday, 6 September, with a 
chat on head trauma in soldiers. 
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WASHINGTON, D.C.—In a sharp break from 
the past, the top U.S. government official to 
speak at the International AIDS Conference 
held here last week, U.S. Secretary of State 
Hillary Clinton, heard roars of appreciation 
rather than jeers of outrage. “Let me say five 
words we have not been able to say for too 
long,” Clinton told the 24,000 delegates, who 
gathered here from 22 to 27 July. “Welcome 
to the United States!” 

The 19th International AIDS Conference 
marked the meeting’s return to the United 
States for the first time in 22 years because 
President Barack Obama lifted an immigra- 
tion ban on HIV-infected people in 2010. But 
that’s not the main reason the crowd repeat- 
edly jumped to its feet with applause during 
Clinton’s speech. The U.S. government is 
leading the effort to provide lifesaving anti- 
retroviral (ARV) drugs to everyone in need 
and also articulating a bold agenda to take 
advantage of the breakthrough finding last 
year that people on treatment who fully sup- 
press HIV rarely transmit the virus to others 
(Science, 13 July, p. 168). “Iam here today to 
make it absolutely clear: The United States 
is committed and will remain committed to 
achieving an AIDS-free generation,” said 
Secretary Clinton. “We will not back down; 
we will fight for the resources necessary to 
achieve this historic milestone.” 

The battle against HIV is having more 
success than ever. In 2011, 8 million people 
in low- and middle-income countries were 
receiving ARVs—a 20% jump from the year 
before. Of the $16.8 billion now spent com- 
bating the disease, more than half of it comes 
from these countries, which reflects a grow- 
ing commitment from low- and middle- 
income countries to dealing with their own 
epidemics. In developed countries, which 
have more experience with ARVs, it’s clear 
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that the drugs can extend lives by 50 years 
and all but stop mother-to-child trans- 
mission. As a sign of how much progress 
researchers have made in treatment and 
prevention, attempts to find a cure—long 
viewed as a fantasy—now lead the scien- 
tific agenda. 

But several presentations made clear 
that a gulf separates aspirations from real- 
ity when it comes to “ending AIDS,” which 
Clinton and many other prominent speak- 
ers at the conference emphasized was now 
possible. The vast majority of the 34 mil- 
lion HIV-infected people in the world do 
not take ARVs, many receiving treatment 
have trouble staying on the medication, and 
new infection rates continue to 
climb in key populations. No 
AIDS vaccine is on the horizon. 
And funding shortfalls loom for 
global programs. 

Peter Piot, who formerly 
headed the Joint United Nations 
Programme on HIV/AIDS 
(UNAIDS) and now runs the 
London School of Hygiene and 
Tropical Medicine, supports the 20% 
aspirational goals but worries 
that “overpromising” may lead 
to complacency. “We have made 
significant progress, but it is not 
clear that we have the tools to end 
this epidemic,” says Piot, who 
suspects the endgame will require a vaccine. 
“What is missing today is a recognition that 
we need to sustain and intensify efforts for 
decades to come, and that the end of HIV/ 
AIDS is not in sight.” 

The theme of the meeting was “Turning 
the Tide Together,” and UNAIDS epidemi- 
ologist Bernhard Schwartlander spelled out 
how it will require a massive financial infu- 
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Return engagement. Secretary of State Hillary 
Clinton welcomed delegates to the United States 
after a 22-year hiatus. 


sion to accomplish the goals now on the 
table. At a U.N. General Assembly AIDS 
summit last year, member countries agreed 
to have 15 million people on ARVs by 2015, 
which Schwartlander said will require an 
additional $7 billion per year. He urged 
countries receiving aid to contribute more of 
their own budgets. “The days when we had 
a simple world of rich countries and poor 
ones is gone, and with it we should aban- 
don the concept of dependency and charity,” 
Schwartlander said. 

According to his calculations, if funding 
levels remain flat, the number of new infec- 
tions will not budge. An infusion of $7 bil- 
lion per year he said would cut new infections 
by more than 50% in 5 years. “This certainly 
does look like a good investment to me,” he 
said. “And for me, the choice is clear: Let us 
pay now and not forever.” 

On the treatment front, Timothy Schacker 
of the University of Minnesota Medical Cen- 
ter, Fairview, reported that HIV-infected peo- 
ple in eastern Africa may have environmental 
disadvantages that limit the benefit of ARVs. 
Schacker and co-workers examined lymph 
nodes—which are home to most of the CD4 


cells that orchestrate the immune response— 
of Ugandans. As HIV disease progresses, the 
Proportion of people living with HIV by country 
income category, 2000-2020 
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Poor no more. Low-income countries with heavy HIV burdens 
increasingly are moving to middle-income status. 


lymph nodes become junked up with colla- 
gen, a fibrotic process that prevents CD4s 
from communicating with each other. They 
analyzed 30 HIV-uninfected Ugandans and 
discovered collagen levels that matched 
what they have seen in HIV-infected Minne- 
sotans on ARVs. “They look for all the world 
histologically ... like individuals who have 
early, chronic HIV infection,” Schacker said. 
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He suggests this occurs because the immune 
systems of the Ugandans faced many more 
assaults from diseases such as tuberculosis, 
malaria, and helminthic infections. ““When 
the patients become infected, in a sense 
they’re already behind the eight ball.” 

A growing cadre of HIV researchers now 
working on a cure presented some of the most 
intriguing—if early stage—results. The only 
cured person, Timothy Brown, had his immune 
system destroyed to combat leukemia and then 
replaced with bone marrow transplants from a 
donor who had blood cells that were naturally 
resistant to the virus. Brown stopped taking 
ARVs more than 5 years ago, and the virus—if 


DEVELOPMENTAL BIOLOGY 


it’s even in his body—remains at bay. Timothy 
Henrich of Beth Israel Deaconess Medical 
Center in Boston reported two patients who 
could mimic Brown but for now fall short of 
being cured. 

Henrich’s patients both had Hodgkin’s 
lymphoma and received bone marrow trans- 
plants from donors. Unlike Brown, the 
donors did not have HIV-resistant immune 
systems, but since the transplants, neither 
patient has had detectable levels of HIV 
on the most sensitive blood tests available. 
Henrich cautioned that the patients are still 
on ARVs and that they have not had their tis- 
sues analyzed for the virus, which often can 


Multicellularity Driven by Bacteria 


MONTREAL, CANADA—When taking a dip 
this summer you will probably swallow tens, 
possibly hundreds, of microscopic plank- 
ton called choanoflagellates. These com- 
mon organisms have led to an uncommon 
insight into how multicellular organisms 
might have evolved. Bacteria can prompt 
single-celled choanoflagellates to divide 
into multicellular versions of themselves, 
University of California (UC), Berkeley, 
biologist Nicole King reported last week 
here at the 71st annual meeting of the Soci- 
ety for Developmental Biology. King hopes 
the work will prompt biologists to look more 
closely at the role of microorganisms in the 
evolution of multicellularity. 

To the untrained eye, choanoflagel- 
lates look like animals. But they are less 
complex—the closest living relatives of ani- 
mals but on an older branch of the tree of life. 
As such, these organisms can provide clues 
about what early animals looked like and can 
help reconstruct the events from more than 
600 million years ago that led to the incred- 
ible diversity of the animal kingdom. 

Choanoflagellates exist as solitary cells 
or rosette-shaped colonies. King had shown 
in 2010 that colonies are not simply aggre- 
gates of single-cell choanoflagellates but an 
interacting cluster that forms after a single 
cell divides. This finding convinced many 
biologists that the mechanisms for making 
multicellular organisms existed before the 
origin of animals. 

To investigate the transition to colony 
life, King decided to sequence the genome 
of a colony-forming choanoflagellate and 
compare it with the genome of a unicel- 
lular individual. But before sequencing, 
she asked undergraduate Richard Zuzow 


to purge the sample of everything but the 
plankton itself. When Zuzow added antibi- 
otics to get rid of any bacteria, the choano- 
flagellate colonies disappeared. At first, “I 
didn’t believe him,” King recalls. But with 
repeated tests, she became convinced that 
“the bacteria are the important part of the 
[multicellular] story,” she says. 

She investigated further. Of the 60 bac- 
teria cultured from the original choano- 
flagellate sample, only one—a bacterium 
called Algoriphagus machipongonensis— 
induced colony-forming behavior. Focus- 
ing on this species, and enlisting the help of 
chemist Jon Clardy’s lab at Harvard Medical 
School in Boston, King cleaved the bacte- 
rium into its constitutive parts—membrane, 


; >» 

Push toward complexity. Bacteria induce 

“Solitary plankton called choanoflagellates : 
(bottom) to become sat (top). \ 


harbor HIV when it’s undetectable in blood. 
Transplants are not a widely applicable inter- 
vention, but they bolster the field because 
they prove that cures are possible. 

At the closing ceremony, former U.S. 
President Bill Clinton stressed that many 
difficult questions remain, but he encour- 
aged those in the field to keep their aspi- 
rations high. “All of you have created the 
possibility that we could have an AIDS-free 
generation,” Clinton said. “You may think 
this is naive, but I’ve seen it over and over 
again: If you build it, they will come. If you 
scale it up and it works, the money will be 
there to fund it.” -JON COHEN 


cytoplasm, cell envelope—and exposed the 
choanoflagellates to each one. “The cell 
envelope was highly potent” in inducing col- 
onies, King reported. Within the envelope, 
she and her colleagues homed in on a mol- 
ecule called RIF-1, identified as a colony- 
inducing molecule. It belongs to a class of 
molecules called sulfonolipids, which typi- 
cally regulate cell differentiation and migra- 
tion, among other processes. 

King plans to see if RIF-1 plays a similar 
role in other animals, such as sponges, that 
closely resemble early animals. “The transi- 
tion to [studying] sponges will be a tough 
one,” says developmental biologist William 
McGinnis of UC San Diego. There are few 
molecular tools to study choanoflagellates, 
fewer still in sponges. Yet, as simple ani- 
mals, sponges are the next obvious place to 
look for evidence that bacteria played a role 
in the evolution of animal multicellularity. 

“TMulticellularity was] a critical step in 
the evolution of animals because it allowed 
the division of different cell [functions],” 
which ultimately led to more complex life 
forms, McGinnis says. But whether bacteria 
are responsible for similar development in 
animals “remains to be seen.” 

McGinnis says he was “astonished” 
that bacteria would trigger a developmen- 
tal switch to multicellularity at all. He, like 
King, suspects that the choanoflagellates 
have evolved to sense the presence of the 
bacteria because the microbes are their main 
source of food. By forming a colony, the 
plankton make themselves more efficient 
predators, he notes. 

—JENNIFER CARPENTER 


Jennifer Carpenter is a journalist based in Toronto, 
Canada. Follow her on Twitter: @JennyCarpy. 
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When John Grunsfeld took over as head 
of NASA’s Science Mission Directorate in 


January, he knew his mission was at least 
as challenging as the shuttle flights he had 
flown as an astronaut. The directorate’s 
$5 billion annual budget makes it one of 
the biggest science agencies in the world. 
Grunsfeld knew that he would soon have 
to answer to planetary scientists for the 
Administration’s decision to pull NASA 
out of ExoMars, a European-led program 
to explore Mars through joint missions 
planned for 2016 and 2018. He would also 
face congressional ire over mismanagement 
of the James Webb Space Telescope (JWST) 
project, whose new price tag of $8.7 billion 
exceeds an earlier cost estimate by more 
than $1.5 billion. 

Now, 7 months into the job, Grunsfeld 
says that JWST is on track for completion by 
2018 and that the lessons learned from ear- 
lier lapses in management will prevent fur- 
ther cost increases and delays. And NASA is 
developing ideas for a new Mars program, 
which Grunsfeld believes will set the course 
for human exploration of the planet within 
the next few decades. Science spoke to 
Grunsfeld days before what he describes as 
the science event of the decade: the 5 August 
(PDT) landing of Curiosity on the martian 
surface. His remarks have been edited for 
clarity and brevity. 

-YUDHIJIT BHATTACHARJEE 


Q: You've had some time now to settle into 
your job. How is it going? 

J.G.: I decided to come back to NASA to 
work in the Science Mission Directorate 
because I love science, and NASA science is 
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the greatest thing there is. From that perspec- 
tive, it’s been going well. From the [stand- 
point] of the education of a science director, 
it has been tough, and I knew it would be, 
because there are so many constraints and 
challenges. We are oversubscribed: We have 
more that we would like to do than we have 
the funding or the ability to do. So it’s chal- 
lenging, it’s a human power issue, a brain- 
power issue, and a funding issue. 

[However], if you step back, we have 
nearly a $5 billion science budget, and we 
leverage the rest of NASA to accomplish 
our mission. That’s the sign of a great nation, 
that we can invest at that level in space sci- 
ence, so I have no complaints. 


Q: Since we're in a time of budget con- 
straints, what are you doing to make NASA 
science dollars go farther? 

J.G.: First, I have a strong commitment 
in reinforcing the culture within the Sci- 
ence Mission Directorate to have extremely 
sound science systems engineering. That’s 
a combination of systems engineering and 
science to accomplish our goals, to make 
sure that when we sign up to do a mission 
on a certain cost and schedule, we do our 
best to maintain that. That’s the key to hav- 
ing budget stability. And budget stability is 
what allows you to actually launch missions, 
to get the science out, to get the most sci- 
ence per unit dollar. At the top of our list is 
the James Webb Space Telescope. We have 
to maintain the budget, the schedule, the 
milestone accomplishments, and deliver 
what will be Hubble 2.0, the world’s greatest 
telescope. It will be amazing. But we have 
to deliver it. 
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Looking up. Grunsfeld says NASA is pursuing an 
ambitious space science agenda for the next decade. 


Q: The agency has had some time to pro- 
cess the errors that were made in the fiscal 
planning and management of JWST. What 
lessons have you learned from it? 

J.G.: From a project management stand- 
point, it’s about communication, commu- 
nication, communication. All throughout 
the project, we need our team members to 
feel comfortable ... that if they are wor- 
ried about something, if there’s an issue that 
can’t be solved easily in the normal process 
of doing business, elevate it so it can be dis- 
cussed and solved as soon as possible. Don’t 
delay things and say, “We'll get to that later.” 
Because that’s what accumulates and drives 
your budget and schedule. 


Q: Is that what went wrong? 

J.G.: It was a combination of things. But 
the project management—I don’t know 
how deliberate it was—ended up in a pos- 
ture where engineers and technicians were 
afraid to bring problems forward because 
they knew that the answer would be “We 
don’t have the funds to solve it. Go away.” 
So a lot of stuff was accumulating that had to 
be solved but wasn’t budgeted. And because 
it wasn’t budgeted, it wasn’t scheduled, and 
because it wasn’t scheduled, it was put off, 
and by definition it was delayed. ... 

A critical lesson that we have learned is 
that you have to have clear lines of commu- 
nication. The full spectrum of team members 
have to be comfortable raising problems, 
without any fear. 


Q: Is JWST on track now? Are all the mile- 
stones being met? 

J.G.: All the milestones are being met, 
except two that have been rescheduled [but 
won’t impact the final delivery date]. 


Q: Have you come up with the outlines of a 
new Mars program? What would it look like? 
J.G.: As a result of our withdrawal from the 
ExoMars mission, we have decided to look 
forward ... and ask the question: What would 
the next generation of Mars programs look 
like? After the failure of two Mars missions 
in the late 90s, NASA restructured the whole 
program, but the emphasis was still the same: 
Follow the water, look for signs of extant or 
past life. That has been a very successful strat- 
egy. Now, we have an opportunity to try and 
develop a Mars Exploratory Framework to 
plan the next several decades. [NASA Admin- 
istrator Charles] Bolden asked me to lead a 
team to go do that. I really wanted the team 


511 


Downloaded from www.sciencemag.org on August 2, 2012 


dl NEWS&ANALYSIS 


512 


to be a science and exploration team. We are 
engaging the community; we have a Web site 
where people can submit ideas. The goal is to 
come up with an option for a U.S.-led mission 
that we could fly in 2018 within the budget 
that we do have for future Mars missions. 


Q: What's your philosophy on extending 
current missions beyond their projected 
lifetime? 

J.G.: We are blessed with missions that last 
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much longer than their requirement life- 
time. The Hubble Space Telescope is a good 
example. It’s continuing to return great sci- 
ence. Fermi, Chandra, Spitzer—they all are. 
If the goal is science, which it is, getting sci- 
ence from operating missions is a high prior- 
ity, because you don’t know what’s going to 
happen with future missions. 


Q: Five decades from now, will U.S. astro- 
nauts still have jobs? 


J.G.: Absolutely, and I think they will be 
out exploring Mars, probably exploring 
the moon, building our future in space and 
inspiring the nation. I see our country as an 
exploring nation. That’s why we do so well. 
We are curious, we innovate, we explore, we 
invent. It should be obvious that I feel this 
way, but space is a really exciting and intrigu- 
ing frontier. We are born explorers. That’s 
part of our ability to generate the tremendous 
success that we have had on this planet. 


Ice Age Tools Hint at 40,000 Years of Bushman Culture 


Archaeologists studying a South African 
cave say they have found 44,000-year- 
old artifacts—including bone tools and 
poisoned arrowheads—nearly identical 
to those still in use by hunter-gatherers. 
The team calls the finds the oldest known 
examples of “modern culture,” the adapta- 
tions that enabled Homo sapiens to make 
it through the last Ice Age and 
survive to the present day. 

The evidence, from Border 
Cave in the Lebombo Mountains 
near the border with Swaziland, 
adds up to “an attractive argu- 
ment” that there was continuity 
between ancient and modern- 
day cultures, says Erella Hovers, 
an archaeologist at the Hebrew 
University of Jerusalem, Mount 
Scopus. Stanley Ambrose, an 
archaeologist at the University 
of Illinois, Urbana-Champaign, 
agrees: “These findings are very 
important, because Border Cave 
is a keystone archaeological 
[site] for this region, and we 
have waited a long time for 
the details.” 

Border Cave was first exca- 
vated in the 1930s and 1940s, 
but the most extensive dig there 
was conducted in the 1970s by 
archaeologist Peter Beaumont, now at the 
McGregor Museum in Kimberley, South 
Africa. Recent techniques made the new 
analysis possible, says Francesco d’Errico, 
an archaeologist at the University of Bor- 
deaux in France and lead author of the new 
study, published this week in the Proceed- 
ings of the National Academy of Sciences. 

The team, which includes Beaumont 
and other researchers from South Africa, 
Europe, and the United States, used scan- 
ning electron microscopy, x-ray analysis, 


gas chromatography, and new mathematical 
approaches to fine-tune radiocarbon dating. 
The group concluded that numerous arti- 
facts at Border Cave ranging in age from 
about 39,000 to 44,000 years old are nearly 
identical to implements used by the San 
hunter-gatherers of southern Africa (also 
known as the Bushmen) during historical 


©Oo000 


®800 
0000 
9960 7 


times, and in some cases even today. 

The artifacts include bone tools shaped 
into long shafts by scraping, among them 
one decorated with an incision that spirals 
around the length of the shaft and is filled 
with red pigment; beads made of ostrich 
eggshells; “digging sticks” like those the 
San and other hunter-gatherers use to dig 
up tubers; a stick similar to a tool with 
which the San apply poison to their arrows, 
bearing traces of a poisonous compound 
from the castor bean; and four bones with 


Ancestral artifacts. Tools and ornaments found in a South African cave are 
almost identical to those San hunter-gatherers still use 40 millennia later. 


notches the team interprets as “tally sticks” 
used for counting. Previously, the earliest 
known examples of San-like artifacts came 
from sites no older than 20,000 years, the 
team notes—leaving a gap, Ambrose says, 
that may point to a population dip caused by 
changing climate. 

D’Errico maintains that the artifacts 
“strongly point to a continu- 
ity in material culture and life- 
style” with that of San peoples 
living today. He concedes that 
the team “cannot [yet] demon- 
strate a continuity in the more 
intimate aspects of San cul- 
ture such as language, reli- 
gious beliefs, and myths.” But 
with the new research, d’Errico 
says, “such continuity ... now 
becomes a viable hypothesis.” 

Pauline Wiessner, an anthro- 
pologist at the University of Utah 
in Salt Lake City who studies 
San culture, calls the argument 
for continuity “convincing,” 
although, she says, the modern 
San don’t use tally sticks. But she 
cautions that the similar artifacts 
did not necessarily have the same 
meaning in the past. For exam- 
ple, in historical times young San 
women wore ostrich eggshell 
beads to advertise that they were available 
for marriage, and marriages cemented social 
ties over distances of hundreds of kilometers. 
To test whether beads were used that way in 
the past, Wiessner says, researchers could 
conduct isotope analysis to see if the Border 
Cave eggshells came from local sources or 
from far away. 

In the meantime, Hovers says, the current 
evidence for continuity at Border Cave “is 
probably as strong as prehistory can offer.” 

—-MICHAEL BALTER 
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London's Olympic Drug Testing Lab 
To Become National Phenome Center 


One of the toughest challenges for London’s 
2012 Olympic organizers has been to find 
uses for the infrastructure built around the 
games. Question marks still linger over the 
fate of the oversized stadiums, for instance. 
But at least one legacy is now assured: The 
Medical Research Council (MRC) and 
the National Institute for Health Research 
(NIHR), both funded by the 
U.K. government, have arranged 
to take over the Olympic anti- 
doping laboratory. They plan 
to transform it into a national 
center dedicated to metabolic 
phenotyping, a field that exam- 
ines blood, urine, and tissues 
for the thousands of molecules 
produced by the body’s chemical 
reactions, with the aim of linking 
them to diseases. 

“There is nothing like this 
anywhere in the world,” says 
Jeremy Nicholson, head of the 
surgery and cancer department 
at Imperial College London 
and a pioneer of the emerging 
field, who will become the cen- 
ter’s first research director. In a 
statement, MRC chief execu- 
tive John Savill described it as 
“a fine legacy from the Games.” 

The state-of-the-art anti- 
doping laboratory, the size of 
seven tennis courts, was origi- 
nally a partnership between 
drug-control scientists at King’s College 
London and the British pharmaceutical com- 
pany GlaxoSmithKline. It was going to be 
closed at the end of the Olympics, says Jon- 
athan Weber, research director for medicine 
at Imperial College London, who helped 
coordinate the proposal. “It just seemed 
too good an opportunity to lose,” he says. 
The switchover to the MRC-NIHR Phe- 
nome Centre, as it will be known, is slated 
for early October, and the lab will open for 
business in January. (The official announce- 
ment was planned for | August, after 
Science went to press.) 

A phenome describes all of a person’s 
physiological traits in the same way that a 
genome describes genetic features. Meta- 
bolic phenotyping focuses on metabolites, 
the products of chemical reactions inside 
the body. “These are the result of gene-to- 
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environment interaction; how our genes 
meet diet, gut microbes, pollutants, and 
drug use, for instance,” Nicholson says. By 
studying these unique biochemical signa- 
tures in fluids such as blood and urine, it’s 
possible to make connections between a 
person’s metabolism and the diseases they 
develop. In the long run, this could lead to 


Let the tests begin. The antidoping lab for the London Olympics was officially 
opened in January. 


diagnostic tests and drugs targeted to an 
individual’s personal biochemistry. 

Nicholson’s plan is to take advantage 
of millions of epidemiological samples 
already held in tissue banks around the 
world, including the recently launched UK 
Biobank. He is also keen to get access to 
blood and urine samples collected from 
Olympic athletes, to compare with the 
metabolisms of ordinary people. The center 
will have “technologies that will allow us to 
measure hundreds of thousands of metabo- 
lites in one run,” he says. 

The antidoping lab is well-suited to that 
task. It is fitted with mass spectrometers 
and machines for high-performance liquid 
chromatography and gas chromatography, 
allowing high-throughput testing of more 
than 6000 urine and blood samples from 
athletes. About 60% of this equipment will 
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be reused. The center will benefit from the 
antidoping laboratory’s high quality con- 
trols, which help ensure that thousands of 
samples can be reliably tracked—a vital 
component of Olympic drug tests because 
of the huge impact they can have on ath- 
letic careers. 

Weber says there has been “a palpable 
sense of excitement” about the plans from 
scientists. Over the past decade, massive 
sums have gone into genome sequenc- 
ing centers, he says, but “on the pheno- 
typing side there is no comparable resource 
in the public sector.” Weber would like to 
use the center himself to study 
400 samples from HIV patients 
suffering from loss in memory 
and cognitive performance, to 
better understand why they expe- 
rience this decline and how it 
might be prevented. Mark Viant, 
a metabolomics researcher 
at the University of Birming- 
ham, Edgbaston, in the United 
Kingdom, describes the center 
as “very exciting” because of 
the possibility it offers to carry 
out phenotyping studies “on an 
unprecedented scale.” 

Financial support is shared 
between public institutions and 
industry. MRC and NIHR are 
each providing £5 million of 
funding; the site and buildings 
belong to GlaxoSmithKline, 
and the U.S.-based equipment 
manufacturers Bruker BioSpin 
and Waters will provide instru- 
mentation. Robert Plumb, direc- 
tor of metabolic phenotyping 
at Waters, hopes that the cen- 
ter will help the company develop better 
equipment for metabolic phenotyping in the 
future. “The opportunity in front of us is to 
lay down a standard,” he says. 

Scientists who want to use the phenome 
center will have to submit their proposals 
to an access committee, which will have an 
external chair. The center, which will also 
have its own international scientific advisory 
panel, will analyze about 25,000 samples in 
its first year, with the aim of scaling up to 
100,000 a year. In the longer term, Nicholson 
says he would like it to at least double in size, 
and for similar facilities to open up around 
the world. “This is a template for future phe- 
nome center development,” Nicholson says. 
“We will be pioneering this, and others will 
have to follow.” 

—-ANGELA SAINI 
Angela Saini is a writer in London. 
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“WE ARE CONVINCED THAT POLIO CAN— 
and must—be eradicated. We are equally 
convinced that it will not be eradicated on the 
current trajectory.” So declared the Indepen- 
dent Monitoring Board (IMB), an oversight 
body recently constituted to ride herd on the 
Global Polio Eradication Initiative (GPED, 
in a pivotal October 2011 report with blunt 
language that broke the mold of bland 
bureaucratic white papers. Using words such 
as “dysfunctional” and “diseased,” the report 
said that GPEI—the biggest, most expensive, 
and longest running public health program in 
history—may never eradicate polio without 
fundamental changes in a culture and man- 
agement style the board generally character- 
ized as insular, stuck in old habits, averse to 
criticism, and resistant to innovation. 

The eight-member IMB did have some 
kind words, noting the program’s early suc- 
cess in knocking down cases by 99%, its 
increasing agility in stamping out new out- 
breaks, and its decisive progress in India— 
that country, long considered the hard- 
est of the hardest places, would soon go 
1 year without a case, erasing any linger- 
ing doubts that polio eradication was feasi- 
ble. Overall, the board said, the program is 
good and its staff members dedicated. But 
“good” was not enough to pull off what has 


>) THE POLIO 
> EMERGENCY 


‘ “p, Can a tough new taskmaster and 
~ ramped-up program finally push 
the global eradication initiative 
ove the finish line? 


been done only once before in human his- 
tory—the eradication of a human disease, 
smallpox, in 1979. For that, GPEI had to be 
“great,” and the initiative was falling consid- 
erably short, IMB said. As it starkly warned 
in its next report: “[GPEI] will succeed 
spectacularly, or fail monumentally.” 

The report jolted a program that for 
2 decades has struggled to rid the world of 
the crippling poliovirus—a task that proved 
far more difficult than anyone ever antici- 
pated but was now tantalizingly close. GPEI 
had weathered plenty of criticism, but no 
one had challenged program leadership like 
this and questioned its fundamental ethos 
(Science, 12 May 2006, p. 832). 


Each national immunization day in India involves: 
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2,000,000 
6,300,000 
2,500,000 
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174,000,000 


doses of polio vaccine 
vaccine carriers 
icepacks 

vaccinators 
vaccination teams 


vaccination booths 
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supervisors, in 155,000 vehicles 
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Some in the global program—a partner- 
ship of the World Health Organization 
(WHO), Rotary International, the U.N. Chil- 
dren’s Fund (UNICEF), the U.S. Centers for 
Disease Control and Prevention (CDC), and 
most recently, the Bill & Melinda Gates 
Foundation—embraced the report, calling 
it refreshingly frank. Others say it felt like 
a punch in the gut, sapping the morale of 
some and offending others. It was especially 
tough for the staff members on the front 
lines, who had been working for years in the 
roughest spots on earth, such as Afghani- 
stan, Somalia, and the Democratic Republic 
of the Congo, to be told their efforts weren’t 
up to snuff, says Chris Maher, an Austra- 
lian epidemiologist who oversees all 
the troops on the ground and easily 
matches IMB in bluntness. However 
valid IMB’s criticisms, he says, “My 
guys are pretty damn good.” 

But most agree that the report 
was instrumental in reinvigorating a 
program that was years behind sched- 
ule and billions of dollars over bud- 
get—and bone-tired from chasing the 
poliovirus across the globe for the past 
24 years. “Do I like it? When you get 
medicine that tastes bad, do you like 
it?,”’ says WHO’s Bruce Aylward, a 
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The last child. Rukshar Khatoon was the last child to 
contract polio in India, in January 2011. 


Canadian epidemiologist and physician and 
longtime leader of GPEI who was recently 
promoted to assistant director-general for 
polio, emergencies, and country collabo- 
ration at WHO. “But do you need it? ... I 
wouldn’t have turned around the whole pro- 
gram if I didn’t think it needed it.” 

And turn it around they did, with a raft of 
changes, an infusion of new resources, and 
a new sense of urgency, all of which seem 
to be producing results. In June 2012, with 
polio cases at an all-time low, GPEI earned 
rare words of praise from IMB: “In recent 
months, the Programme has broken free of 
its decade-long stagnation.” But, the board 
warned, these gains were fragile, and failure 
was still a very real possibility. 


Stalemate 
When the program started in 1988, 125 
countries were infected with poliovirus 
and an estimated 350,000 children were 
paralyzed each year. By 2006, there were 
just four countries where the disease was 
endemic—India, Nigeria, Afghanistan, 
and Pakistan—where poliovirus transmis- 
sion had never been interrupted. Globally, 
cases of polio had dropped by 99%, thanks 
to massive campaigns conducted multiple 
times a year in infected and at-risk countries 
to immunize every child under age 5 with 
two drops of oral polio vaccine. Then the 
program got stuck, unable to vaccinate all 
children and eliminate the last 1% of cases. 
Since 2000, cases have fluctuated between 
500 and 2000 a year, concentrated in the 
poorest, most marginalized children in the 
world (Science, 26 March 2004, p. 1960). 

Periodically, the virus bursts out of those 
reservoirs and reinfects countries that had 
rid themselves of the disease. “That’s why 
for the past 10 years, GPEI has been playing 
whack-a-mole all over Africa and 
Asia,” says Thomas Frieden, head 
of CDC, knocking the virus out in 
one spot only to have it pop up in 
another. As the deadline slipped 
from 2000 to 2005 and now 2012, 
the program kept spending more and 
more money each year—the annual 
tab has risen to about $1 billon— 
just to stay in place. 

With the global supply of money 
and patience running low, in 2008 
the World Health Assembly asked 
GPEI to come up with a new strat- 
egy. The result was the “intensified” 
2010-12 strategic plan that called 
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for stopping transmission of wild polio- 
virus by the end of 2012. At the same time, 
the World Health Assembly created IMB to 
oversee the plan’s implementation. WHO 
Director-General Margaret Chan asked Liam 
Donaldson, the United Kingdom’s chief 
medical officer from 1998 to 2010, to chair it. 
Controversial and outspoken, Donaldson has 
become the distinctive voice of the board, 
writing each pithy report himself, with the 
help of an assistant, within a fortnight of 
each quarterly meeting. 

“TI put great stock in the power of the 
written word,” Donaldson says. “We are one 
of the few parties in polio eradication that 
can talk frankly, without fear or favor.” And 
that they do. 

IMB’s first report, in April 2011, was 
mild enough. There was already reason for 
concern, IMB said, noting that the program 
had missed some of its milestones. Time was 
running out, the board said, and no one was 
treating eradication as the emergency it was. 
IMB’s July report was tougher in tone, warn- 
ing for the first time that the “GPEI is not 
on track to interrupt polio transmission as it 
planned to do by the end of 2012.” “More of 
the same will not deliver the polio eradica- 
tion goal,” it said. 


The indictment 

In its October 2011 report, IMB took off its 
gloves. By then, the situation had deteriorated 
further. Five of the then-seven 
countries with persistent polio 
transmission (the four endemic 
countries plus three where the 
virus had become reestablished) 
had more cases in 2011 than they 
had had by that point the previous 
year. Of the four endemic coun- 
tries, only India was on track to stop trans- 
mission by the end of 2011. Afghanistan was 
making steady progress. Nigeria had knocked 
cases down by 95% in 2010 but had slipped 
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Straight shooter. IMB’s Liam Donaldson “tells it like it is.” 
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Crusader. Bruce Aylward of WHO has led the charge 
against polio. 


badly since. Its performance was “‘embar- 
rassing and unacceptable.” As for Pakistan, 
the “programme is failing,” they wrote, call- 
ing its governance “deeply dysfunctional” 
(see p. 517). 

The report ticked off a litany of problems. 
GPEI’s management was in a rut, immersed 
in a “narrative of positivity—a pervading 
sense of ‘nearly there.’ ” There are many rea- 
sons to project a positive spin, Donaldson 
concedes, but “then probably, maybe they are 
not as honest with themselves as possible.” 

At a time when the program 
desperately needs new ideas, the 
report added, “the relative pau- 
city of innovation is striking,” 
with new ideas “too readily con- 
demned to death-by-bureaucracy.” 
There was a lack of what the board 
calls “accountability,” a culture in 
which underperformance is tolerated. It was 
not too late to stop global transmission by the 
end of 2012, IMB said. But for that to happen, 
“important changes in style, commitment, 
and accountability are essential.” 


The shakeup 
However tough IMB’s criticisms were, they 
were generally on the mark, people through- 
out the program say. IMB said what “many 
of us have been saying for some time,” 
CDC’s Frieden says. “That for too many 
people, polio eradication had become a life- 
style rather than a mission.” Many contend 
that the report, and the success in India, 
changed the whole game: India showed 
them what was possible; IMB told them 
what was wrong. 

Although India had not hit the 1-year 
mark without a case when IMB issued its 
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indictment, it was clearly headed that way. 
(On 25 February 2012, India was removed 
from the list of endemic countries.) That feat 
laid to rest any arguments about technical 
barriers to eradication, Aylward says. What 
turned the tide, says Hamid Jafari, who led 
the effort in India and is now the director of 
GPEI at WHO, was the government’s com- 
mitment—it has spent more than $2 billion 
so far on this gargantuan effort (see table, 
p. 514)—and what he calls “inescapable 
accountability.” Each vaccinator knew how 
many houses to visit; each supervisor was 
held responsible if they didn’t. In places 
where the virus was most entrenched, such 
as Uttar Pradesh, vaccination rounds were 
conducted almost every month. When it 
became clear that mobile populations were 
one of the last reservoirs of the virus, the 
program devised ways to reach them, vacci- 
nating 5 million children at train stations and 
other transit points in each immunization 
round in Uttar Pradesh, Bihar, and Mum- 
bai alone. The Kosi River basin in Bihar is 
flooded for 2 or 3 months after the mon- 
soons; polio teams reached the children by 
boat. Jafari calls it “the relentless pursuit” of 
every last child. 

By January 2012, still smarting from 
IMB’°s last report, the heads of the five part- 
ner organizations had declared polio eradica- 
tion their top priority. (It was always a prior- 
ity for Rotary—with 1.2 million members, it 
is one of the world’s largest service organiza- 
tions—and Gates, IMB noted; both organi- 
zations have each contributed about $1 bil- 
lion to the effort.) 

Frieden was the first to move. On 
2 December, he activated CDC’s Emergency 
Operations Center for polio, the war room 
from which the agency coordinated the 
national response to emergencies such as 
bird flu and Hurricane Katrina. This freed up 
resources like never before. The polio group 
has tens of additional experts at its dis- 
posal and this year is hiring 15 to 20 “very 
high level” public health experts, says Greg 
Armstrong, who leads CDC’s effort. The 
teams of volunteers on the ground are big- 
ger and stay there longer. 

WHO and UNICEF soon followed suit. In 
the past few months, the organizations have 
recruited thousands of new people in the three 
endemic countries. The management struc- 
ture of the initiative has undergone a “step 
change,” Aylward says. WHO no longer dom- 
inates the effort. For instance, the internal 
meetings WHO used to hold each Tuesday to 
review the situation are gone, replaced with 
a Wednesday conference call attended, virtu- 
ally, by all the partner agencies. 


Shrinking the Polio Map 


tries do what India did in 10 years 
and do it in 12 months,” Aylward 


’ Re-established Country 


Outbreak Country 


says. But the early signs are encour- 
aging. As IMB notes in its June 2012 
report, case numbers are at a historic 
low: “Compared to the same period 
last year, there have been: substan- 
tially fewer cases (52, down from 
123) in fewer districts (39, down 
from 72), in fewer countries (four, 
down from 12).” (As of 26 July, 
there have been 100 polio cases, 
down from 286 this time last year.) 
Success, however, is “far from 
inevitable,’ Donaldson warns. After 


its dismal performance in 2011, 
Pakistan has made real strides. But 
in an all-too-familiar pattern, gains 
in one country are offset by prob- 
lems in another. Cases are soaring 
in Nigeria, setting the stage for an 
“explosive return” of polio across 
Africa. Afghanistan is now on the 
“critical list”’ And overall, IMB 
said, a startling 2.7 million children 
in the six countries where polio now 
persists have never received a single 


And in late May, IMB finally got what it 
had asked for all along: The World Health 
Assembly declared the persistence of polio a 
“programmatic emergency for global public 
health,” in essence, warning infected countries 
to clean up their acts or face the world’s wrath. 
At the same time, GPEI released its new Polio 
Global Emergency Action Plan for 2012-— 
2013 to replace the failed strategic plan for 
2010-12. Its subhead: “Action to stop polio 
now in Nigeria, Pakistan and Afghanistan.” 


Fragile gains 

It’s too soon to say whether the reinvigorated 
program will finally stop polio transmission. 
“We are trying to help the last endemic coun- 


he boundaries and names shown and the designations used in the maps above do not 
imply the expression of any opinion whatsoever on the part of the World Health Organiza- 
tion concerning the legal status of any country, territory, city, or area or of its authorities, or 
concerning the delimitation of its frontiers or boundaries. Dotted lines on maps represent 
approximate border lines for which there may not yet be full agreement. 


drop of polio vaccine. 

The greatest threat is GPEI’s 
precarious financial position, said 
IMB. The program is nearly $1 bil- 
lion short of its roughly $2 billion 
budget for 2012-13, and it has had 
to cancel or scale back vaccination 
campaigns in 24 at-risk countries. 
The world may have gotten weary 
of repeated alerts about the initia- 
tive’s funding shortfalls, but this one 
is qualitatively different, Donaldson 
says—because of the amount of 
money at stake, and because “of the 
opportunity that stands to be lost.” 

No one thinks it can be done 
in 2012, and the new emergency 
plan doesn’t set a date. Its goal is 
to “ensure that the coverage levels needed 
to stop transmission of all polioviruses are 
reached by end 2012.” Presumably, transmis- 
sion would be interrupted soon after. 

IMB won’t venture a guess. Its role, 
Donaldson says, is to monitor progress for 
each quarter, and right now, the program is 
still not on track to stop poliovirus transmis- 
sion in 2012. As for the board’s unflinch- 
ing criticism, Donaldson says he has no 
regrets. “It has not been our intention to 
offend anyone, but certainly the criticisms 
in our reports have not been easy for some 
to hear.” But, he adds, “We take seriously 
our responsibility to ‘tell it like it is.’” 
-LESLIE ROBERTS 
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Fighting Polio in Pakistan 


Pakistan's 18-year struggle shows why it is so hard to eradicate polio from its last 


few strongholds 


KARACHI AND ISLAMABAD, PAKISTAN—In 
early spring, just as the heat was beginning 
to take hold, a handful of men incongru- 
ously dressed in suits and ties made their 
way down a dusty street in one of Karachi’s 
chaotic market districts. Carefully sidestep- 
ping the freshly slaughtered cow that was 
being skinned outside the door, they entered 
the modest two-room office of the Edhi 
Foundation, Pakistan’s largest and best- 
known charity. 

The visitors, who included some of the 
top brass from the World Health Organiza- 
tion (WHO), were there to see Abdul Sattar 
Edhi—a philanthropist who has dedicated his 
life to helping the poor—to ask for his help in 
turning around the polio eradication program 
in Pakistan, which was failing badly. 

Edhi, 84, who has a weathered face and 
long, white beard and was dressed as always 
ina simple homespun cotton tunic, vowed to 
do all he could to help vaccinate those chil- 
dren the eradication program has not been 
able to reach—those who live in the tribal 


Ally. Known as Pakistan's Mother Teresa, Abdul Sattar 
Edhi has joined the fight against polio. 
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areas that are so dangerous that no health 
workers can go there, for example, or in 
places where mothers, suspicious of any- 
thing that smacks of the government or the 
West, won’t open their doors. 

He offered his fleet of 1800 ambulances 
to serve as mobile vaccination units; fami- 
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On the move. A boy 
receives a dose of oral 
polio vaccine at a train 
station in Karachi. 


lies could also bring their children to his 
300-plus health centers across the country 
to receive polio drops. To counter pervasive 
rumors, he would broadcast the message that 
the polio vaccine is safe. “People believe in 
me. I will be helpful to you,” he said. 

And with that, and a profusion of thanks, 
photos, and handshakes all around, the vis- 
itors were off, back to their waiting drivers 
and on to their next mission. Elias Durry, who 
leads WHO’s polio eradication team in Paki- 
stan, was elated. “Edhi is able to go where 
the Taliban fights. They trust his motives. It 
is marvelous to have him,’ he said as the car 
inched down the clogged street. 

The Edhi Foundation won’t solve Paki- 
stan’s polio problem. But the fact that the 
people at the front of the Global Polio Erad- 
ication Initiative (GPEI) have come to this 
corner of the world to knock on his door 
illustrates just how critical this country is 
to the effort to defeat this stubborn virus, 
which has been chased out of almost every 
country, including Pakistan’s neighbor and 
rival India, just this year. 

GPEI, a partnership of WHO, the U.N. 
Children’s Fund (UNICEF), the U.S. Cen- 
ters for Disease Control and Prevention, 
Rotary International, and more recently, the 
Bill & Melinda Gates Foundation, has good 
reason to worry. In 2011, Pakistan became 
the global epicenter of the disease, with 
more cases than any country in the world. 
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An October report from the influential 
Independent Monitoring Board (IMB) (see 
p. 514) minced no words: “Pakistan’s prog- 
ress now lags far behind every other country 
in the world. Without urgent and fundamen- 
tal change, it is a safe bet that it will be the 
last country on earth to host polio.” 

In an effort to turn that around, GPEI has 
been pulling out all the stops—bringing in 
high-powered talent like Durry, deploying a 
surge of more than 1000 additional staff on 
the ground, reaching out to Edhi and other 
community leaders, and devising new tac- 
tics for the most recalcitrant strongholds 
of the virus. After years of indifference, the 
government is on board as never before. It’s 
still early, but the efforts seem to be paying 
off. Polio cases are down so far this year, and 
Nigeria has eclipsed Pakistan as the gravest 
threat to polio eradication. 

But the recent success is too fragile to say 
that Pakistan has turned the corner. Because 
the virus is so contagious and 
spreads so stealthily, as long as 
it lingers anywhere, the entire 
world is at risk. And that means 
if eradication fails in Pakistan, the 
24-year, nearly $10 billion initia- 
tive fails everywhere. 


Thirty-five million times six 

Messy and complicated, Pakistan 
is the perfect case study for why 
it is so hard to eradicate polio- 
virus from its last few strong- 
holds—and what it might take 
to pull it off. Wiping a human 
disease off the face of the earth, 
which has only been done once 
before, for smallpox, requires 
synchronized vaccination cam- 
paigns executed with near-mil- 
itary precision multiple times 


Polio Cases in Pakistan by Year 
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a year to reach all the children under age 
5 with two drops of oral polio vaccine. 
In Pakistan, that means immunizing some 
35 million kids about six times a year. But in 
Pakistan, nothing much works as it should, 
and certainly not with precision. 

For a while, Pakistan seemed to be on 
track. Sure, it was always a trouble spot— 
one of the few countries where transmission 
of the poliovirus has never been stopped. 
But since the program began in earnest there 
in 1994, cases dropped more or less steadily, 
reaching an all-time low of 28 in 2005. 

Even when cases began to climb in 
2008, there wasn’t much alarm; GPEI was 
focused on India and Nigeria, then con- 
sidered the biggest threats to success. In 
Pakistan, the mantra was, once vaccinators 
could get into the tribal areas along the trou- 
bled border with Afghanistan, polio would 
disappear. And if Pakistan went, Afghani- 
stan would follow. 


Strategist. Chris Maher is overseeing the “surge” of new WHO staff in the polio- 
infected countries. 


“After Pakistan cases [dropped] in 2005, 
it looked extremely good. The focus and 
pressure changed before the job was done,” 
says Dennis King, who heads UNICEF’s 
polio eradication program in Pakistan and 
is coordinating that agency’s influx of new 
workers. “When cases were going down, it 
looked like what we were doing was work- 
ing, and it largely was,” says Chris Maher, 
WHO’s top operations man, who for the past 
20 years has combated polio in the toughest 
spots in the world and now splits his time 
roughly between Pakistan, Afghanistan, and 
Nigeria, the last three endemic countries. 

Then in 2011, cases shot up “in a very 
scary way,” Maher says, in sharp contrast 
with India, which soon went a year without a 
case and has now been removed from the list 
of endemic countries. Pakistan’s case count 
topped out at 198 by the end of 2011. That 
may not sound like a lot, but for every child 
paralyzed, 100 or 200 others are infected 
asymptomatically and are silently spreading 
the virus. 

What’s more, cases were not just clus- 
tered in the tribal areas but had spread to pre- 
viously polio-free places across the country, 
such as Punjab, where there were no appar- 
ent obstacles to reaching the children. And 
in 2011 for the first time, poliovirus from 
Pakistan jumped the border into China, 
sparking a large outbreak. 


A perfect storm 

Maher and others attribute the explosion of 
cases last year to a perfect storm of all the 
problems that are Pakistan: poverty and illit- 
eracy; a health system in tatters; ethnic and 
sectarian violence; a government struggling 
to deal with corruption and dysfunction; huge 
population movements; and, 
especially since 9/11, rising 
extremism and anti-Western 
views—not to mention the nat- 
ural attrition that accompanies 
any program that has dragged 
on for so long. Equally impor- 
tant, he says, is the nature of the 
beast that they are fighting— 
the poliovirus—which, after 
all these years, still manages 
to surprise. “I think there are 
some years when conditions 
are more favorable” for wide- 
spread polio transmission, 
Maher says. “To some extent 
it is cyclical as with any 
infectious disease—some- 
thing we don’t give enough 
weight to especially as far as 
polio is concerned.” 
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What’s clear, 
Maher says, is that “if 
you knock the virus 
down to fairly low 
levels, it is not going 
to stay there. That is 
not the nature of the 
disease. Unless you 
can take it one step 
further from knock- 
ing down the virus to 
knocking it out, you 
will be punished.” 
And that’s what hap- 
pened in Pakistan. 

Sometime in the mid-2000s, it became 
apparent that poliovirus circulated in three 
distinct transmission zones in Pakistan, each 
with its own unique genetic signature: the 
Federally Administered Tribal Areas (FATA) 
and adjoining Khyber Pakhtunkhwa (KP), 
formerly known as the Northwest Frontier 
Province, in the northwest along the bor- 
der with Afghanistan; Balochistan, which 
is south of FATA and also shares a porous 
border with Afghanistan; and Karachi at 
the southern tip of the country on the Ara- 
bian Sea, with 14 million people, the only 
megacity in the world to have polio. And 
within these zones, polio is concentrated in 
33 high-risk districts where, for various rea- 
sons, it has been impossible to vaccinate all 
the children. Not coincidentally, these hold- 
outs tend to be the most badly broken of all 
the broken places in Pakistan, Maher says. 

In 2011, 73% of all cases were geneti- 
cally linked to these three areas. “They 


The fixer. WHO's Elias 
Durry was brought in 
to clear up polio in 
Pakistan. 


Barriers to Polio Vaccination in Pakistan 


Reasons for missed children 
January 2012 
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Missing in action. Most children are missed during vac- 
cination campaigns because no team visited the house or 


the children were “unavailable.” 
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drive the agenda,” Maher says. “You can do 
a brilliant job in 80% of the country, but it 
makes no difference if you do a lousy job in 
the rest.” FATA and KP are home base to the 
Taliban and al-Qaeda and a training ground 
for jihadists. There, myriad tribes and clans 
are at war with each other, the federal gov- 
ernment, and the West. Female literacy 
is a mere 3%. The area has been pounded 
by US. drone strikes, which have killed an 
estimated 1900 to 2900 people since 2004, 


What is polio? 
(% of caregivers who know polio is a 
disease, by ethnic group) 
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In the dark. Fewer Pashto speakers, 
who include the Pashtun and Afghanistan 
refugees, know that polio is a disease 
compared with the general population. 
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according to the New America Foundation. 
Abbottabad, where U.S. Navy SEALs killed 
Osama bin Laden in May 2011, is in KP, 
and the CIA’s fake vaccination campaign 
there to try to identify his family has only 
inflamed animosity to and suspicion about 
polio vaccination, which is rumored to be a 
Western plot to sterilize or otherwise harm 
Muslim children. In parts of the tribal areas, 
no polio campaigns have been conducted in 
the last 3 years; in January 2011, 38% of 
the children in Khyber Agency, FATA, were 
inaccessible, according to WHO data. (That 
number, which fluctuates, dropped to 20% 
in January 2012.) 

Balochistan borders Kandahar and 
Helmand in Afghanistan, where poliovirus 
circulation is unchecked and people and the 
virus move freely across the border. It’s a 
dangerous place, where kidnappings and 
other crimes are rampant, and a climate of 
fear keeps vaccinators out. Recently, the 
Taliban has extended its reach in Baloch- 
istan. Like FATA and KP, the province is 
a hotbed of religious extremism and anti- 
American views. In the first few months 
of 2012 in Quetta Block, the hottest polio 
hot spot in Balochistan, the proportion of 
parents who refused to let their children be 
vaccinated increased dramatically. Of all 
the missed children there, about 50% were 
“active refusals,” according to UNICEF 
(see graphic). 

And then there is Karachi, “which has all 
the problems in the world,’ says WHO’s Tariq 
Masood, who is an area coordinator in Kara- 
chi. That city has a large minority and migrant 


Share of missed children due to refusal in 
Pakistan (%) September 2011—March 2012 
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Mixed bag. Rates of refusal vary dramatically by 
region; in the Quetta Block of Balochistan and, 
within that, the district of Pishin, the numbers 
increased between September and March. 
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Closing a Deadly Refuge 


On the morning of 17 July in the town of Gadap in Karachi, Pakistan, two 
gunmen pulled alongside a white Nissan pickup truck belonging to the World 
Health Organization (WHO) and opened fire, shooting a Ghanaian doctor in 
the abdomen; his Pakistani driver suffered a grazing wound on his shoul- 
der. Both men, who were participating in a national polio vaccination cam- 
paign, are recovering. As investigations began, WHO suspended its activities 
in Gadap. Three days later, on 20 July, another WHO polio worker, Muhammad 
Ishaq, was shot and killed outside a Gadap clinic. 

The attacks, sadly, are not uncommon. Polio workers in Pakistan have 
received death threats. Two doctors on WHO duty and their driver were killed 
in a roadside bombing in Afghanistan in September 2008. And just last year 
23 people, including five WHO and two UNICEF staff members, were killed 
when the jihadist terrorist organization Boko Haram bombed U.N. House in 
Abuja, Nigeria. The attack in Gadap came just as the town was, for the first 
time, showing signs of progress in its fight against polio. 

Gadap is a squalid, festering slum that many have long feared would be the 
undoing of the country’s, and the world’s, fight to eradicate polio. It is one of 
just 10 so-called sanctuaries for the poliovirus worldwide—places where the 
virus has been impossible to dislodge. 

Gadap, and especially one area known as Union Council 4, has everything 


working against it, says Chris Maher, who runs country operations from WHO 
headquarters in Geneva. It is a receiving ground for migrants from across the 
country, especially those fleeing the violence in the tribal areas and Baloch- 
istan. Many are Pashtun, an underserved minority in this part of the country. 
In Pakistan overall, 8% of the population is Pashto-speaking; in Union Coun- 
cil 4, that number climbs to 73%. 

The migrants crowd into multifamily dwellings where they have no basic 
services such as clean water or sanitation, much less routine childhood immu- 
nizations or other medical care. Literacy rates are low. Many Pashtun don’t 
know what polio is or that a vaccine can prevent it. Suspicions run high. The 
population is understandably skeptical of a government that provides them 
with nothing and then comes around repeatedly offering drops of polio vac- 
cine, says Tariq Masood of WHO's Karachi office. “In their minds, often the 
government and the U.S. are bombing their children in [the tribal areas], so 
why is there so much concern for our kids here?” he says. 

Polio-vaccination campaigns in Gadap have been consistently lousy. The 
often unpaid vaccinators, whose job is to go house to house and give drops 
of oral polio vaccine to every child under age 5, have little incentive to work. 
In March, for instance, the campaign was delayed for 2 days because the 
vaccinators, unpaid for the past 9 months, went on strike. Some 80% of 
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population that settles in the squalid peri- 
urban slums that stretch for miles. With so 
many people traveling in and out of the city, 
Karachi serves as the hub and amplifier of the 
virus—it was virus from Karachi that sparked 
the outbreak in China. Most of the migrants 
are Pashtun, the dominant ethnic group in 
Afghanistan and tribal areas but an unwel- 
come minority in Karachi. In 2011, 77% of 
all polio cases in Pakistan occurred in Pashto- 
speaking people, although they account for 
just 8% of the population. Across the coun- 
try, huge numbers of people are on the move, 
often between the three transmis- 
sion zones, fleeing the violence 
of the tribal areas, in search of 
seasonal jobs, or displaced by the 
historic floods of the past 2 years. 
And when they travel, the poliovi- 
rus often goes with them. 

In all three transmission zones, 
the federal government has little 
control; instead, power is concen- 
trated at the local levels, where 
corruption and nepotism are 
rife. Over the years, Durry says, 
polio eradication became some- 
thing of a full-employment act. 
Polio money lined the pockets of 
corrupt officials, who dispensed 
jobs as favors, turning over vac- 
cination posts to their brother or 
their cousin, who might in turn 
pass it on to their kids, who would 
work for nothing but did nothing, 
either. “We created a monster,” 
Durry concedes. 


Spreading the word. One of UNICEF's he 
Karachi to brief families about polio. 


In many places, unmotivated and unpaid 
vaccinators showed up late and stopped 
early. Sometimes the campaigns didn’t take 
place at all: ghost campaigns, Durry calls 
them. All too often teams didn’t inspire 
trust—say, if they were children, or they 
didn’t speak Pashto, or if the only vaccina- 
tors were men. The battle is won or lost “in 
those 30 seconds when the mother opens the 
door and decides,” Durry says. And at the 
end of the day, data were falsified. 

In its October 2011 report, with cases 
soaring, IMB labeled Pakistan’s program 


ny 
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alth promoters goes door to door in 


“deeply dysfunctional,” citing its “diseased 
core” and calling the government on the car- 
pet and urging it to “fundamentally re-think” 
its program. 


The surge 
Even before then, alarmed at the rise in 
cases, GPEI began to intensify its operations 
in Pakistan. In May 2011, WHO brought 
in Durry, an Ethiopian-born epidemiolo- 
gist who had delivered some of the tough- 
est countries on time, such as Somalia and 
South Sudan. If anyone could turn around 
Pakistan, the reasoning went, he 
could. “They do this to me all the 
time,” he says somewhat ruefully. 
By December, the Pakistani 
government, with help from WHO 
and the other GPEI partners, had 
crafted its “augmented” emer- 
gency action plan for polio eradica- 
tion in 2012. The new plan declares 
polio eradication a national emer- 
gency and puts in place strict new 
measures to ensure what officials 
call “accountability” at all levels. 
To see that this plan actually did 
something this time, the govern- 
ment appointed Shahnaz Wazir Ali 
to a new position as the country’s 
“focal person” for polio eradica- 
tion. Smart, driven, exacting, and 
with the ear of the prime minister, 
Wazir Ali has made a huge differ- 
ence, program leaders say. In May, 
she led a delegation to India to 
learn from the experts firsthand. 
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the teams don’t speak Pashto, and child vaccinators are 
common. It’s not surprising that mothers turn away vac- 
cinators who come to their doors, saying their children 
are asleep, or refuse outright because they have been 
told that the vaccine is made of monkey kidneys and 
other nonhalal materials and will make their children 
weak and sterile. Since 2006, 80% of the polio cases 
in Gadap have been from Union Council 4. Samples of 
sewage water in Gadap have consistently tested positive 
for the virus, indicating rampant circulation. 

After another disappointing performance during the 
March vaccination rounds, Elias Durry, who runs the Paki- 
stan program for WHO, and his colleague Salah Tumsah, 
who runs the Sindh province operation, decided to shake 


Casualty. Muhammad Ishaq, a polio 
worker in Gadap, Karachi, was shot and 
killed in July. 
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Cola, conducted a massive cleanup of Union Council 4, 
carting out an estimated 160 tons of garbage. It is one 
of the ways Rotary is trying to “give the message that 
we are there not just for polio but for everything else,” 
says Aziz Memon, national chair for Rotary’s PolioPlus 
program in Pakistan. 


Rotary conducted a major survey in Gadap in June. Of 


7000 children they checked for the finger marking that 
indicates they were vaccinated, only four hadn't been— 
and they were quickly vaccinated, too, Memon says. 


Most encouraging of all, Durry says, is that for more 


than 4 months, the environmental samples from Gadap 
have tested negative, suggesting the virus is in retreat. 


WHO's Bruce Aylward, who leads the Global Polio 


things up. Instead of bringing in vaccinators for a few days during each cam- 
paign, the program has hired women from the community to work full-time 
since April, providing not just polio drops but also other services such as new- 
born follow-up. “It has made a huge, huge difference,” Durry says. 

Rotary International and the U.N. Children’s Fund have also been focusing 
their efforts there. In April, the two organizations, in collaboration with Coca- 


Borrowing a leaf or two from India’s 
playbook, the ramped-up efforts are con- 
centrating on the country’s 33 high-risk 
districts—and within those, specific towns 
or subdistricts like Pishin in Balochistan’s 
Quetta Block and Gadap in Karachi— 
where large numbers of children are missed 
in each campaign. Those 33 districts are 
where all the “surge” personnel have been 
deployed—some 1000 from UNICEF and 
350 from WHO. The WHO teams assist 
with technical issues such as training, sur- 
veillance, and monitoring; UNICEF works 
with the community to try to increase accep- 
tance of, and generate demand for, the polio 
vaccine. Data from a January 2012 survey 
show the magnitude of what the organiza- 
tion is up against. 

One of the biggest changes is at the grass- 
roots level, where the old network of inef- 
fectual supervisors has been booted out, 
replaced by the higher-level district commis- 
sioners, who are like mayors in the United 
States. The plan spells out exactly who must 
do what, including the composition of the 
vaccination team, the number of meetings 
to hold, and who must attend to prepare for 
each campaign. Ifa union council, or town, is 
not prepared, the round is canceled; workers’ 
salaries are docked, or they are put on proba- 
tion, or sometimes fired. 

In the high-risk districts, efforts are 
focused on the highest-risk populations, 
mainly the Pashtun, migrants, and nomadic 
populations. Mobile populations will be 
the Achilles’ heel in Pakistan, Durry says, 
because so many travel in and out of the 
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tribal areas where virus circulation is 
unchecked. The key, he says, is to anticipate 
their movements and make special arrange- 
ments to vaccinate them wherever they are. 

In the past few months, the program has 
set up tens of permanent transit posts that 
offer polio drops 24/7 at common entry and 
exit points from FATA/KP, Balochistan, and 
Karachi. At one toll booth alone in Karachi, 
13,688 children were vaccinated between 23 
April and 9 May, according to WHO. Efforts 
are also under way to negotiate access to 
the tribal areas. In the meantime, Durry’s 
team is trying to figure out how best to take 
advantage of any opportunity to get in and 
out of conflict zones quickly. One strategy is 
to deliver multiple doses of vaccine at very 
short intervals—a few days apart instead of 
the usual 4 to 6 weeks. No empirical stud- 
ies have proved that this strategy works, but 
it seemed to help quickly boost immunity 
in Somalia, where Durry first introduced it, 
and it’s worth a try, he says. 


Off the critical list 
In June 2012, with cases down significantly 
from the previous year (so far to date there 
have been 23 cases compared with 60 this 
time last year), IMB took Pakistan off the 
critical list, commending the government 
for significantly improving its game—while 
still warning that tough challenges remain. 
What’s most encouraging to Durry is 
that environmental sampling, the testing 
of sewage water for poliovirus, is clear- 
ing up in some places—most surprisingly 
in Gadap town in Karachi, where samples 
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Eradication Initiative from Geneva, says it is unclear whether the two shootings 
were related and whether they specifically targeted polio workers. Until they get 
more evidence, he says, “Our operating assumption is that [the shootings] may 
be related, and that affects how we approach security.” WHO insists the attacks 
will not distract from the job of wiping out polio in Pakistan. But the shootings 
make uncomfortably clear just how much is out of the program’s control. -L.R. 


have been positive for years (see sidebar, p. 
520). But just as Gadap improved, positive 
samples have cropped up in Lahore, Punjab, 
where everyone assumed the program was 
working fine. That means redoubling efforts 
on that front, Durry says: “We have to put 
more resources into central Pakistan with- 
out losing our focus on places like Karachi.” 

There are plenty of other caveats. Paki- 
stan has yet to bear the full brunt of the high 
season when cases rise along with the rains. 
There’s been little progress in Pishin, where 
Durry says “we are still trying to make 
things happen without intimidation and 
sometimes sabotage” and where, as in much 
of Balochistan, vaccination is still done 
by children as young as 8. Parts of FATA 
remain inaccessible, and a June letter from 
a Taliban leader in North Waziristan say- 
ing the Taliban will block vaccination until 
USS. drone strikes stop certainly didn’t help, 
although it is unclear how much it hurt, 
says Aziz Memon, the national chair of 
Rotary’s PolioPlus program in Pakistan, 
noting that in many places, “We didn’t have 
access anyway.” 

Even so, Durry says, “Pakistan is in the 
best position ever to finish the job,” and he 
thinks the country can—if the program can 
sustain momentum and somehow get access 
to the children in FATA. “If we had denied 
that there is corruption and a problem in 
management and just tried to go around it, 
we never would have reached anywhere,” 
Durry says. “But once you know the prob- 
lems, the solutions are not that tough.” 

—-LESLIE ROBERTS 
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Chinese Addiction Study and Human Rights 


IN THE REPORT “A MEMORY RETRIEVAL-EXTINCTION PROCEDURE TO PREVENT DRUG CRAVING 
and relapse” (13 April, p. 241), Y.-X. Xue et al. describe experiments conducted on rats and 
drug users in Beijing, China. Although the authors state that the study participants gave written 
informed consent and that the research was approved by the Human Investigation Committee 
of the Peking University Health Center, substantial questions about ethical protections remain. 

The authors do not mention that the Beijing Ankang Hospital and Tian-Tang-He Drug 
Rehabilitation Center, where their study participants reside, are compulsory treatment cen- 
ters run by the Beijing Municipal Public Security Bureau and the Beijing Municipal Bureau 
of Justice (respectively), historically housing people detained without due process. Over 
the past few years, Chinese compulsory treatment centers have also begun accepting volun- 
tary patients. The specific dates on 
which the research was conducted 
and whether the study participants 
in Xue et al.’s paper were volun- 
tary patients or held under admin- 
istrative detention are not clear 
from the Report, nor is the stan- 
dard of drug dependency treat- 
ment provided in either center. 

According to a 2010 article in 
China Daily, drug users arrested by 
the police typically spend 2 years 
at the Beijing Ankang drug deten- 
tion center, engaged in nonstan- 
dard “therapies” such as boxing, 
art, sand-play therapy, and “‘travers- 
ing rope and chain bridges” (/). The 
center is staffed, according to the 
article, by 20 psychologists “working ... alongside 30 policemen.” An older news article from 
2004 described a hierarchy of forced labor at the center (2). 

Less information is available about the Tian-Tang-He compulsory rehabilitation center, 
but another China Daily article, from 2009, reported that “patients are asked to live in quar- 
antine” and showed photos of yoga classes taught by police officers and detainees hitting 
and kicking dummies (3). These too cannot be considered evidence-based or best practices 
in drug-dependency treatment. 

Research in compulsory drug detention centers that detain drug users for long periods and 
operate outside of judicial oversight deserve strict scrutiny. Xue et al. do not explain what the 
“usual” treatment provided to individuals in the drug detention centers entails, nor do they 
specify the average length of detention. If, as has been previously reported, the “usual” treat- 
ment is unproven and non—evidence-based care, the study authors should address the ethical 
implications of those conditions. Furthermore, in labeling the participants as “patients” and the 
detention center as a “hospital,” the authors risk legitimatizing the centers, and mischaracter- 
izing study participants and the conditions in which the research was undertaken. 


Since 2005, Human Rights Watch has 
conducted a series of investigations into 
access to HIV prevention and treatment for 
intravenous drug use in China (4), as well 
as conditions in compulsory drug deten- 
tion centers (5). We and others have found 
a wide range of severe human rights abuses 
in so-called drug treatment or rehabilitation 
centers (6, 7), in violation of international 
human rights law (8). Recognition of these 
abuses has led to international calls for the 
closure of compulsory drug detention cen- 
ters, including by the Executive Director of 
the Global Fund to Fight AIDS, Tuberculo- 
sis, and Malaria (9), and in a recent joint let- 
ter by 12 UN agencies (/0). 

In response to a 2011 Human Rights 
Watch report on drug detention centers in 
Vietnam that found similar conditions to 
what we have previously reported in China 
(11), the heads of the U.S. National Insti- 
tute for Drug Abuse (NIDA) and the White 
House Office of National Drug Control Pol- 
icy wrote that these conditions “not only 
would violate NIDA’s principles of drug 
treatment, but also would infringe upon 
internationally recognized human rights” 
(12). Two of the authors on the research 
paper are from NIDA, making it all the more 
important that the ethical questions involved 
in such research be answered. 

JOSEPH J. AMON 


Health and Human Rights Division, Human Rights Watch, 
New York, NY 10118-3299, USA. E-mail: amonj@hrw.org 
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Response 

WE AGREE WITH AMON THAT THE SCIENTIFIC 
endeavour cannot be complicit in tacitly 
accepting or blithely ignoring human rights 
abuses in the name of research. In that vein, 
we can assure readers that we saw no indi- 
cation of the abuses Amon describes in the 
Beijing Ankang Hospital or Tian-Tang-He 
Drug Rehabilitation Center, where we car- 
ried out the study. We interviewed all of the 
study participants in private, and we did not 
share their decision to participate or not with 
the staff in the treatment centers. This was 
done to prevent the decision from affect- 
ing their ongoing treatment. Furthermore, 
our confidential interviews with the study 
participants did not reveal any examples of 
abuses they encountered, and this is consist- 
ent with the observations of our research 
team. The human rights violations men- 
tioned by Amon would have violated China’s 
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new National Narcotics Control Law (/) and 
Chinese law in general. 

Our research was funded by the Chinese 
Natural Science Foundation. In 2010, before 
starting recruitment for the study, we received 
approval from the Human Investigation Com- 
mittee of the Peking University Health Center. 
The review committee knew at the time of 
approval that participants were in court- 
mandated treatment and that all require- 
ments for their inclusion in a research study 
were met. According to the regulation of the 
Human Investigation Committee, we had pro- 
vided all details of our proposed recruitment 
process and our plans to compensate partici- 
pants for their time. 

For our study, we interviewed more than 
200 patients who were in court-mandated 
treatment and only enrolled those who had an 
interest in participating and who signed the 
consent form. We explicitly told all partici- 
pants that they had the right to withdraw their 
consent and quit the study at any time. As 
part of the study, we offered participants the 
opportunity to engage in cognitive-behavioral 
therapy (CBT), an evidence-based treatment 
aimed at helping them avoid environmental- 
cue—induced drug craving and relapse in the 
future. Withdrawing from the study did not 
affect participants’ eligibility to receive the 
usual treatments typically provided in Beijing 
treatment centres. All of this was consistent 
with the Declaration of Helsinki (2). 

Treatment centers in Beijing provide 
comprehensive care, including detoxifica- 
tion with methadone, relief from physical 
symptoms with various medications, psy- 
chological counseling, and regular medi- 
cal treatment of conditions such as chronic 
pain, hypertension, diabetes, insomnia, and 
anxiety. All these services are provided for 
free. Patients with severe medical problems 
are transferred to specialized facilities (3). In 
some centers in China, addicted individuals 
voluntarily receive training in sports, art, and 
working skills, not for punitive reasons, but 
to equip them with coping skills and alter- 
natives to drug abuse (4). Patients who work 
are always paid. This provision has been put 
into effect for many years, and recently has 
been written in the National Narcotics Con- 
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trol Law (/), which bans forced labor (5). 
After one year of treatment, each patient is 
evaluated by professional committees; if the 
patient is doing well behaviorally and medi- 
cally, he or she will return to the community. 
The Chinese National Narcotic Law requires 
that the total duration of court-mandated 
rehabilitation treatment for drug addicts can- 
not be more than 2 years (/). According to 
the Annual Report on Drug Control in China 
(6), by the end of 2010, more than 200,000 
former drug addicts had completed court- 
mandated treatment and are now free citizens 
in the community. 

PING WU,* YANXUE XUE, YIXIAO LUO, HAISHUI 

SHI, WEILI ZHU, YANPING BAO, JIE SHI, LIN LU* 


National Institute on Drug Dependence, Peking University, 
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Battling Bias at NIH 


| HOPE THAT SC/ENCE CONTINUES TO REPORT 
the quantitative evidence from National 
Institutes of Health (NIH) investigators of 
widespread bias in the NIH grant review 
process against black scientists (“Action 
urged to curb racial bias in NIH grants,” 
M. Price, News & Analysis, 22 June, 
p. 1490). Giving attention to the extensive 
nature of unfair discrimination experienced 
by many black scientists—from their entry 
into science education, through their train- 
ing, to the end of their under-supported 
careers—is one means of reducing, and per- 
haps one day eradicating, this form of rac- 
ism. The article quotes NIH Director Francis 
Collins as saying, “To have this circumstance 
continue...is simply unacceptable.” If NIH 
is sincere about reducing destructive racial 
bias in its grant review process, its director 
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must first recognize that this stain on NIH is 
more than just a “circumstance.” Given its 
widespread documentation throughout the 
NIH, racial bias is inherent in NIH review 
process itself. 

It is unlikely that NIH, or its invited 
reviewers, will ever give up the anonym- 
ity of the review process, which would be 
the most effective single action for reduc- 
ing racial bias. Therefore, the NIH director 
and administrative staff must alter and aug- 
ment the review process in other ways that 
reduce racial bias and its immediate fall- 
out. I propose three steps forward: (i) Pro- 
vide well-designed, NIH-relevant, racial bias 
awareness training required of all review- 
ers before review sessions. (ii) Require the 
same training for all NIH-funded investiga- 
tors and trainees annually. (iii) Establish an 
effective reparative support fund that provides 
research support to black applicants who 
can show evidence of racial discrimination 
based on statistical analyses of success rates 
and/or racially biased comments in grant 
review summary statements. JAMES L. SHERLEY 


Adult Stem Cell Technology Center, Boston Biomedi- 
cal Research Institute, Boston, MA 02472, USA. E-mail: 
sherleyj@bbri.org 


CORRECTIONS AND CLARIFICATIONS 


Letters: “Good news for European vultures” by A. Margalida et al. (20 January, p. 284). The Letter incorrectly stated: “In 
Spain alone, avian scavengers are capable of removing 9.9 million tons of carcasses per year.” The correct figure is 9.9 
thousand tons. 


Reports: “Disentangling the drivers of B diversity along latitudinal and elevational gradients” by N. J. B. Kraft et al. (23 Sep- 
tember 2011, p. 1755). An error was made when tabulating the number of individuals in the latitudinal data set; as a result, the 
median number of individuals in a subplot was reported as 31.4 instead of 35.3. This affects the application of the null model 
to the latitudinal data set (Fig. 3, Aand C), as the null model randomizes individuals. This causes minor changes to the expected 
B diversity values in Fig. 3A, but no change to the central result that much of the relation between B diversity and latitude is 
expected under the null model. Dividing the difference between observed and expected 3 diversity (Fig. 3A) by the standard 
deviation of the null model yields the B deviation (Fig. 3C). In the corrected data set (shown below) there is a weak negative rela- 
tion between the B deviation and latitude (P = 0.01) but, as in the initial analysis, the relation has very little explanatory power 
(R? = 0.03). Most important, 94% of the variance explained by the original B diversity-latitude relation (R? = 0.54) is removed 
by the null model. This has no impact on conclusions of the report. This also affects the B deviation values discussed in the related 
Technical Comment and Technical Response (30 March 2012, p. 1573), although likewise it has no impact on the conclusions. 
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Left and Right, Right and Wrong 


John T. Jost 


psychologist can be. When not giving 

TED talks or writing op-eds, he’s show- 
ing up at the American Enter- 
prise Institute, appearing on 
Bill Moyers’s PBS program, 
warning the Dalai Lama 
about the evils of socialism, 
or taking a ribbing from Ste- 
phen Colbert. An energetic, 
self-confident, charismatic 
speaker, he is also a gifted sto- 
ryteller who weaves together 
personal and historical anec- 
dotes, biological metaphors, 
and even spiritual aphorisms. 

In The Righteous Mind, Haidt attempts 
to explain the psychological foundations of 
morality and how they lead to political con- 
flicts. The book’s three parts are not as com- 
patible or settled as Haidt’s 
ingenious prose makes them 
seem. The first revisits the 
intriguing arguments of an 
earlier, influential paper 
(J) in which he argued that 
moral reasoning is nothing 
but post hoc rationalizing of 
gut-level intuitions. The sec- 
ond introduces an evolution- 
arily inspired framework that 
specifies five or six “moral 
foundations” and applies this 
framework to an analysis of 
liberal-conservative differ- 
ences in moral judgments. In 
the third part, Haidt specu- 
lates that patriotism, religios- 
ity, and “hive psychology” in humans evolved 
rapidly through group-level selection. 

Early on, Haidt spurns as ideologically 
biased attempts by Lawrence Kohlberg, Elliot 
Turiel, and others to develop rational, objec- 
tive psychological standards for moral devel- 
opment (or progression). He claims “it was 
inevitable that [their] research would sup- 
port worldviews that were secular, question- 
ing, and egalitarian.” But by redefining moral- 
ity in subjective, culturally relative terms, 
Haidt does not correct the alleged error in 
research on developmental psychology so 


J onathan Haidt is as ubiquitous as a social 
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much as supplant it with his own worldview. 
Erasing any distinction between being moral 
and being moralistic, his purely subjectivist 
approach risks replacing what 
he perceives as a liberal bias 
in the psychological study of 
moral behavior with a conser- 
vative one. 

How does he get there? A 
prominent theory of human 
reasoning holds that there 
are two cognitive systems 
(2): System 1| is quick, intui- 
tive, low-effort, and associa- 
tion-based. System 2 is slow, 
deliberate, high-effort, and 
logical. In Haidt’s view, system 2 is really 
just a bullshitter—a dissembler, a post hoc 
rationalizer. He asserts that humans make 
lousy scientists and logicians but excellent 


lawyers and press secretaries (people who 
consider only one side of an issue and defend 
it to the end). Haidt then proceeds to make a 
virtue of necessity: Because we are so emo- 
tionally driven and so bad at thinking ratio- 
nally about morality, it must be that morality 
itself is and can only be based on gut-level 
(often emotional) intuitions. He discounts 
the possibility that, as Max Bazerman put 
it, “System 2, our more deliberative thought 
processes, can be used to dampen the nega- 
tive effects of our intuitive judgments” (3). 
However, research shows that diminishing 
the emotional intensity of situations through 
reappraisal leads people to abandon gut- 
level intuitions and engage in more delibera- 
tive moral reasoning [e.g., (4)]. 
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After arguing that “moral reasoning” is 
nothing more than a post hoc rationalization 
of intuitive, emotional reactions, Haidt risks 
contradiction when claiming that liberals 
should embrace conservative moral intuitions 
about the importance of obeying authority, 
being loyal to the ingroup, and enforcing 
purity standards. If one were to accept Haidt’s 
post hoc rationalization premise and his find- 
ings about differences in the moral judg- 
ments of liberals and conservatives, a more 
parsimonious (and empirically supportable) 
conjunction would be: For a variety of psy- 
chological reasons, conservatives do more 
rationalizing of gut-level reactions, and this 
makes them more moralistic (i.e., judgmen- 
tal) than liberals. It does not, however, make 
them more moral in any meaningful sense 
of the word, nor does it provide a legitimate 
basis for criticizing liberal moral judgment 
the way Haidt does. 

Haidt argues that the liberal moral code 
is deficient, because it is not based on all 
of his “moral foundations.” The liberal, he 
maintains, is like the idiot restaurateur who 
thought he could make a complete cuisine 


out of just one taste, however sweet. This 
illustrates the biggest flaw in Haidt’s book: 
he swings back and forth between an alleg- 
edly value-neutral sense of “moral” (any- 
thing that an individual or a group believes is 
moral and serves to suppress selfishness) and 
amore prescriptive sense that he uses mainly 
to jab liberals. Ultimately, Haidt’s own rhe- 
torical choices render his claim to being 
unbiased unconvincing. If descriptive moral- 
ity is based on whatever people believe, then 
both liberals and conservatives would seem 
to have equal claim to it. Does it really make 
sense, philosophically or psychologically or 
politically, to try to keep score, let alone to 
assert that “more is better” when it comes to 
moral judgment? 
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Haidt relies on data from an online survey 
(5) to support his critical evaluation of liberal 
“narrowness.” When asked about the extent 
to which it is good to be “a team player,” bad 
to “hurt a defenseless animal,” and so on, lib- 
erals are more concerned than conservatives 
about achieving fairness and avoiding harm, 
whereas conservatives are more concerned 
than liberals about obeying authority, favor- 
ing the ingroup, and enforcing norms of sanc- 
tity. Haidt misleadingly characterizes these 
results as suggesting that liberal morality is 
a partial subset of conservative morality— 
indeed, he calls liberals “moral monists.” A 
simpler explanation is that liberal judgments 
are more differentiated than conservative 
judgments. Indeed, if respondents were to 
agree modestly with every question (exhib- 
iting what survey researchers refer to as an 
acquiescence bias), their scores on the moral 
foundations questionnaire would look like 
the “very conservative” respondents whom 
Haidt admires for their balanced diet. 

Beautifully written, Haidt’s book shines a 
new and creative light on moral psychology 
and presents a provocative message. From 
a scientific perspective, however, his theory 
raises more questions than it answers. Why 
do some individuals feel that it is morally 
good (or necessary) to obey authority, favor 
the ingroup, and maintain purity, whereas 
others are skeptical? Why do some think it is 
morally acceptable to judge or mistreat others 
(such as gay or lesbian couples or, only a gen- 
eration ago, interracial couples) because they 
dislike or feel disgusted by them, whereas 
others do not? Why do we “care about vio- 
lence toward many more classes of victims 
today than our grandparents did in their 
time”? Haidt dismisses the possibility that 
this aspect of liberalism, which prizes univer- 
sal over parochial considerations (the justice 
principle of impartiality), is in fact a tremen- 
dous cultural achievement—a shared victory 
over the limitations of our more primitive 
ancestral legacy. 

Before drawing sweeping, profound con- 
clusions about the politics of morality, Haidt 
needs to address a more basic question: What 
are the specific, empirically falsifiable crite- 
ria for designating something as an evolution- 
arily grounded moral foundation? Haidt sets 
the bar pretty low—anything that suppresses 
individual selfishness in favor of group inter- 
ests. By this definition, the decision to plun- 
der (and perhaps even murder) members of 
another tribe would count as a moral adapta- 
tion. Recent research suggests that Machia- 
vellianism, authoritarianism, social domi- 
nance, and prejudice are positively associated 
with the moral valuation of ingroup, author- 


ity, and purity themes [e.g., (6, 7)]. If these are 
to be ushered into the ever-broadening tent of 
group morality, one wonders what it would 
take to be refused admission. 

I see no compelling reason to assume that 
morality is—let alone should be—whatever 
comes first, easiest, or even most forcefully 
to mind (because of our evolutionary heritage 
or otherwise). In many situations behaving 
morally may require us to do what is difficult, 
perhaps even “unnatural” in some sense. Or, 
as John Stuart Mill put it (8), “... Nature can- 
not be a proper model for us to imitate. Either 
it is right that we should kill because nature 
kills; torture because nature tortures; ruin and 
devastate because nature does the like; or we 
ought not to consider what nature does, but 
what it is good to do.” 
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On Our Biocultural 
Nature 


Antoinette Jenkins 


games. I must be a man, right? Wrong. 

The range of skin colors in my immediate 
family is so diverse that awestruck onlookers 
often ask, “Are you all together?” (To which 
my husband quips, “Are you all together?”’) 
Surely people from different populations 
cannot be a family, right? Wrong. It is not my 
intent to drive people mad by going against 
the grain on these and other societal expec- 
tations. I am just living my life—a life that, 
according to Agustin Fuentes, is scrutinized 
through a lens of normality formed by false 
assumptions about human nature. That is not 
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to say that I don’t conform to or perpetuate 
such normative standards myself. Sadly, I do. 
However, after reading the compelling argu- 
ments presented by Fuentes in Race, Monog- 
amy, and Other Lies They Told You, 1 will 
think twice before doing so again. 

Fuentes, an anthropologist at the Uni- 
versity of Notre Dame, developed the book 
to debunk myths on race, aggression, and 
sex “because of the way they constrain our 
thinking about, and being with, each other.” 
From the preface to the 
appendix, he engages 
readers in a complex 
but well-mapped jour- 
ney that challenges 
commonly accepted 
assumptions about the 
nature of race, aggres- 
sion, and fundamen- 
tal differences in the 
desires and behaviors 
of men and women. To 
support his endeavor, 
Fuentes offers data distilled from his own 
research and the copious literature on these 
topics. Readers for whom biology, anthro- 
pology, and psychology are not disciplines of 
practice or interest need not fret. The author 
masterly conveys his knowledge in an infor- 
mative way. 

In presenting arguments against the 
myths, Fuentes takes care not to minimize the 
social importance of these supposed charac- 
teristics of human nature. Humans may not 
fall into biological races, but racist attitudes 
and behaviors are alive and well. Although 
men and women may not be so different after 
all, the definition and perpetuation of norma- 
tive gender roles remains standard practice. 
Whereas we may not have a natural propen- 
sity toward aggression, we fear others any- 
way. Such contradictions illustrate Fuentes’s 
point: “Being human is messy. We are simul- 
taneously biological and cultural beings with 
complex schemata and social lives that shape 
and populate our perceptions and philoso- 
phies.” 

Fuentes suggests that if we are to progress 
toward understanding what it really means to 
be human, we need to challenge ourselves to 
not see only what we already believe. If you 
are willing to enhance your worldview by 
sleuthing to discover “who we are and why 
we do what we do,” Race, Monogamy, and 
Other Lies They Told You is for you. Whether 
you agree with Fuentes or not, it will at 
least engage your critical thinking skills and 
encourage you to be a more active and dis- 
cerning consumer of information. 
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RESEARCH ETHICS 


Aligning Regulations and Ethics 
in Human Research 


Rebecca Dresser 


overnment officials are revising the 

1991 Common Rule regulations that 

govern most human research in the 
United States. They have already received 
public comments on a 2011 Advance Notice 
of Proposed Rulemaking (ANPRM) (Z). 
The public will have another chance to com- 
ment when officials publish specific pro- 
posals. The revision effort’s overall goal is 
to remove unwarranted regulatory impedi- 
ments to research while strengthening essen- 
tial human subject protections. I offer three 
ideas for additions to the oversight sys- 
tem, each tied to one of the 1979 Belmont 
Report’s (2) three ethical principles govern- 
ing human research. 

Although prepared by a U.S. advisory 
group, the Belmont Report expresses val- 
ues embodied in historic documents like the 
Nuremberg Code, international statements 
like the Helsinki Declaration, and domestic 
oversight systems in countries around the 
world. The report emphasizes three ethical 
concepts (see the table). Although these con- 
cepts underlie many Common Rule provi- 
sions, insights gained since 1991 and unad- 
dressed problems in the current oversight 
system point to new measures that could 
enhance the rule’s ethical legitimacy. 


Teaching about research participation 

One of the Common Rule’s major objec- 
tives is to promote informed decisions about 
research participation. To this end, the Com- 
mon Rule requires researchers to disclose 
certain facts about a study, such as its pur- 
pose and the risks and discomforts it could 
impose. The Common Rule lists eight basic 
elements of informed consent and six addi- 
tional elements to be disclosed when they 
are relevant. Institutions often add even more 
material to consent forms, a practice critics 
say is motivated by liability fears rather than 
a desire to inform subjects. 

The combined government and institu- 
tional demands produce long and detailed 
consent forms that can be hard for prospec- 
tive subjects to understand. Indeed, empiri- 
cal evidence indicates that many subjects are 
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unaware of essential facts about the studies 
they join (3). Moreover, as the ANPRM com- 
plained, “Instead of presenting the informa- 
tion in a way that is most helpful to prospec- 
tive subjects—such as explaining why some- 
one might want to choose not to enroll—the 
forms often function as sales documents.” 
Responding to widespread dissatis- 
faction with research consent forms, the 
ANPRM requested comments on potential 
changes to the current regulatory require- 
ments. Several of the modifications, such 
as limiting the length of some consent form 
sections, reflect the popular view that a brief, 
plain-language description of essential facts 
about a study, together with optional access 
to more detailed material, would be supe- 
rior to the current approach. Regulatory 
requirements for simplified consent forms 
could promote more informed choices about 
research participation (4, 5). But achieving 
this objective will require another measure 
described in the ANPRM: assessment of 
“how well potential research subjects com- 
prehend the information provided to them.” 
As every teacher knows, well-crafted 
lectures and readings do not necessarily 
lead to learning, nor do careful study dis- 
cussions and well-written consent forms. 
To discover whether the message has got- 
ten through, research team members must 
evaluate whether potential participants have 
absorbed what they have heard and read. 
The idea of evaluating subject under- 
standing is not new. Experts have devel- 
oped assessment tools (6), including model 
assessment forms researchers can adapt for 
use in individual studies (7). During my 
many years as an Institutional Review Board 
(IRB) member, however, I have rarely seen 
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be justified by the value of the knowledge the study 
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the forms used. Few studies appear to incor- 
porate evaluation procedures, although there 
are exceptions. For example, a high-profile 
randomized trial comparing arthroscopic 
knee surgery to placebo required partici- 
pants to write in their charts: “On enter- 
ing this study, I realize that I may receive 
only placebo surgery. I further realize that 
this means that I will not have surgery on 
my knee joint. This placebo surgery will not 
benefit my knee arthritis” (8). 

Why haven’t procedures like this become 
standard in research decision-making? Part 
of the reason is surely the extra effort, time, 
and cost involved in developing assessment 
measures. But a reluctance to discourage 
participation might also account for this sit- 
uation. A collaborator in the knee surgery 
study reported “a significant refusal rate” 
among subjects, which he described as “the 
price you may have to pay if you increase 
potential subjects’ understanding” (9). 

It is possible that genuinely informed indi- 
viduals will be more likely to decline research 
participation (/0). At the same time, efforts 
to ensure understanding might promote the 
research effort, for informed subjects may 
be less likely to drop out once they decide to 
enroll (//). But the main reason to require 
evaluation is to promote autonomous choice. 
If we believe that research participation is 
a matter of individual choice, we should be 
willing to live with the consequences of genu- 
inely informed decision-making. 


When research harms subjects 
Because risks are unavoidable in research, 
some subjects will inevitably be harmed as a 
result of their participation. In a just research 
system, the burdens and benefits of research 
are equitably distributed. Some subjects per- 
sonally benefit from study participation, but 
subjects are not the primary beneficiaries of 
research. Instead, research is done for the 
benefit of the wider community. Because 
subjects accept research burdens so that oth- 
ers may benefit, it seems only fair that the 
community offer assistance when subjects 
end up worse off than they would have been 
if they had refused to enroll (/2). 

The U.S. regulatory system fails to incor- 
porate this straightforward moral judgment. 
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The existing Common Rule lets research 
sponsors and institutions decide whether 
to cover the costs of research-related inju- 
ries. Even in studies presenting relatively 
high risk, investigators meet their Common 
Rule duties simply by warning prospec- 
tive subjects that they could end up bear- 
ing the costs of any injury they suffer as a 
result of research participation. Although 
institutions and sponsors do provide care 
and compensation to some injured subjects, 
the quality and scope of these efforts are 
unclear (13, 14). 

Although the ANPRM does not address 
injury compensation, several national advi- 
sory groups have recommended adoption of 
compensation programs that do not require 
proof that an injury was the result of neg- 
ligent or other blameworthy conduct (/4— 
16). A 2011 report by the Presidential Com- 
mission for the Study of Bioethical Issues 
expressed strong support for a compensa- 
tion program (/3). Other countries, and 
some U.S. research institutions, have com- 
pensation programs. For example, Germany 
requires research sponsors to buy insurance 
to cover injured subjects’ economic losses 
(14). The University of Washington oper- 
ates a self-insurance program to cover med- 
ical care and up to $10,000 of a subject’s 
out-of-pocket costs (13). Despite decades 
of ethical support, and evidence that com- 
pensation programs are practically feasible, 
USS. officials have been unwilling to man- 
date such programs. 

Few data exist on the costs associated 
with compensation programs (/4), but cost 
concerns are one reason research institu- 
tions have failed to adopt such programs 
(15). Opponents also argue that moral obli- 
gations to subjects are met by the risk dis- 
closure element of informed consent, which 
enables people worried about research 
injuries to refuse participation. Opponents 
contend as well that the tort system gives 
injured subjects adequate opportunities to 
pursue compensation. 

But the ethical considerations support- 
ing compensation outweigh the objections. 
Although soldiers and police officers accept 
risks inherent in their work, we nevertheless 
believe they are owed assistance when they 
are injured on the job. The same judgment 
applies to people serving society as research 
subjects. Barriers to tort recovery are so high 
that many injured subjects will never obtain 
compensation through this legal mechanism 
(15). The success of existing injury compen- 
sation programs, which include a process for 
determining whether injuries resulted from 
research participation, should allay con- 


cerns about costs and feasibility. 

Compensation programs can make 
research participation a more attractive 
option to prospective subjects and allow 
institutions and injured subjects to avoid liti- 
gation costs. More study and planning will 
be necessary to determine the details, such as 
what costs should be covered and the proper 
standard for determining causation, but U.S. 
officials should act to ensure that research 
subjects receive help when they are injured 
on our behalf (/6). 


Screening studies for quality 

The third way officials could make research 
more ethical would be to require that all 
human studies undergo rigorous review of 
their methodology and significance. Apply- 
ing the beneficence principle, the Common 
Rule limits research risks to those that are 
“reasonable in relation to ... the importance 
of the knowledge that may reasonably be 
expected to result.” Studies that are poorly 
designed or conducted cannot produce 
important knowledge, nor can studies with 
low social value (/7). 

Although the Common Rule directs IRBs 
to consider study value in the review pro- 
cess, this directive is unrealistic. Given their 
limited membership and time constraints, 
IRBs cannot rigorously assess the value of 
the studies they review. The Common Rule 
authorizes IRBs to enlist scientific experts 
to assist with specific protocol reviews, but 
IRBs typically lack the resources to thor- 
oughly assess research quality. 

Peer review is imperfect, but it is one 
of the best ways to evaluate research merit. 
Many human studies undergo rigorous peer 
review as part of the National Institutes of 
Health (NIH) funding process, but many 
others do not. Nonprofit funding organi- 
zations do not always have stringent merit 
review mechanisms in place, nor do industry 
research sponsors or institutions dispensing 
internal funds for research. 

Poorly designed and conducted trials do 
not just waste resources, they also expose 
subjects to unjustified risk and threaten pub- 
lic trust in the research endeavor (18). Inde- 
pendent merit review can be performed by 
institutional, professional, or government 
bodies. Medical product regulators, scien- 
tific journals, and clinical trials registries 
can all play a role in evaluating study quality 
(19). Developing a comprehensive and rig- 
orous approach to merit review will be chal- 
lenging, of course. But until such a system is 
in place, human subjects will be exposed to 
harm in studies that make no contribution to 
scientific and medical progress. 


A fundamental moral judgment 

Underlying the research oversight system is 
a fundamental moral judgment: Human sub- 
jects have interests that should not be sub- 
ordinated to the interests of the patients, 
researchers, industry stakeholders, and oth- 
ers who gain health and monetary benefits 
from the research enterprise. In the United 
States and elsewhere, allegiance to this moral 
judgment demands robust efforts to educate 
prospective research subjects, help subjects 
who are harmed in research, and evaluate the 
quality of human research proposals. 
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MOLECULAR BIOLOGY 


Outsourcing Genome Protection 


Jordi Xiol and Ramesh S. Pillai 


ukaryotic genomes are populated by 
Himsa mobile genetic elements 

called transposons that threaten 
genome stability as they may cause mutations 
and chromosomal rearrangements. In animal 
germ lines, protection against these parasitic 
elements is conferred by Piwi proteins and 
their associated ~20- to 30-nucleotide small 
RNA guides, called Piwi-interacting RNAs 
(piRNAs), which actively repress transpo- 
sons to safeguard the genetic information (/). 
On page 574 of this issue, Bagijn et al. (2) 
reveal how piRNAs in the worm Caenorhab- 


a TTTTTT 
WV 


VT Foreign elements/ 
@® 
: transposons 


Cellular mRNAs 


ditis elegans identify their transposon targets, 
triggering local generation of another class 
of small RNAs, called 22G-RNAs, that carry 
out silencing. Together with four other reports 
(3-6), the study by Bagijn et al. provides a 
comprehensive view of worm piRNA targets, 
mechanism of piRNA action, and pathways 
that discriminate foreign elements from cel- 
lular mRNAs. 

piRNAs function as an immune system 
that distinguishes transposons from cellu- 
lar mRNAs and, once they identify a threat, 
mount an enhanced response. In their sim- 
plest mode of action, piRNAs identify tar- 
get RNAs by base-pairing via sequence 
complementarity. Some of the Piwi proteins 
harbor an endonuclease (Slicer) activity, 
which allows them to cleave target RNAs, 
resulting in silencing. C. elegans piRNAs 
(also called 21U-RNAs) bind the Piwi pro- 
tein PRG-1, and the pathway is implicated 
in the control of the Tc3 DNA transposon. 
However, piRNAs displaying perfect com- 
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plementarity to the Tc3 transposons are 
not detected, raising the question as to how 
piRNAs function in worms. 

Bagijn ef al. used an in vivo piRNA fluo- 
rescent reporter gene to show that a single 
perfectly complementary binding site for an 
endogenous worm piRNA is sufficient for 
silencing. The authors show that silencing 
does not depend on the slicer activity of PRG- 
1, thus precluding direct cleavage of the target 
RNA as a mechanism. Instead, the PRG-1— 
piRNA complex recruits RNA-dependent 
RNA polymerases near the piRNA-target 
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interaction site to transcribe 22-nucleotide 
small RNAs (called 22G-RNAs) using the 
target RNA as a template (see the figure). 
The resulting 22G-RNAs are loaded into a 
set of worm-specific Argonaute (WAGO) 
proteins, which are the actual effector mol- 
ecules of the response initiated by piRNAs, 
because they mediate posttranscriptional and 
transcriptional silencing (3, 7). Given that a 
single piRNA sequence can give rise to sev- 
eral distinct antisense 22G-RNAs, every tar- 
geting event also effectively amplifies the 
silencing signal. 

Point mutations within the fluorescent 
reporter gene, and genome-wide compu- 
tational predictions, revealed that worm 
piRNAs initiate generation of 22G-RNAs 
on targets that are recognized with imperfect 
complementarity (2, 3). This suggests that 
C. elegans piRNAs could act in a way that is 
similar to that of most animal microRNAs, 
where mismatches (up to four) are tolerated, 
but complementarity via the seed sequence 
(nucleotides 2 to 8) in the 5’ end of the small 
RNA is essential for silencing. However, 
given the sequence diversity of piRNAs 
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Small RNAs repress transposons by triggering 
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(~16,000 sequences), these relaxed target- 
ing rules would also imply that most cellular 
mRNAs are targeted. Indeed, expression of 
cellular and transposon mRNAs with imper- 
fect binding sites for piRNAs was increased, 
while generation of 22G-RNAs from these 
sites dropped in piRNA mutants (2, 3). 
Increased targeting due to a relaxation of 
base-pairing rules could be beneficial, but 
how would cellular mRNAs be protected 
from runaway silencing? Bagijn et al. sug- 
gest that piRNAs are evolving to avoid target- 
ing mRNAs, as they observe a depletion of 
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Recognition of nonself RNA from self. (A) In the 
worm, the complex containing the Piwi protein PRG-1 
and piRNA scans all RNAs in germ cells to identify tar- 
gets via imperfect complementarity. Cellular mRNAs 
are depleted of high-affinity piRNA binding sites 
and/or are actively protected by an unknown mecha- 
nism. (B) piRNAs then trigger the generation of mul- 
tiple small RNAs called 22G-RNAs (by recruiting an 
RNA polymerase) that associate with WAGO proteins, 
amplifying the silencing signal. (C) WAGO protein, in 
turn, represses transposon targets in the cytoplasm 
and the nucleus for multigenerational silencing by 
inducing chromatin modifications. 


antisense sequences to protein-coding genes 
in C. elegans and the related worm C. brigg- 
sae, despite an evident lack of conservation of 
piRNAs and transposons between them. Alter- 
natively, a tantalizing possibility (3, 5) is that a 
small RNA pathway, guided by the Argonaute 
protein CSR-1 (8), retains a “memory” of cel- 
lular mRNAs (“self”) and protects them from 
piRNAs. Both hypotheses are compatible 
and could reflect the complexity of achieving 
“self” versus “nonself” recognition. 

Once piRNAs have managed the imme- 
diate threat of a foreign element, 22G-RNAs 
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establish an epigenetic memory that mediates 
transgenerational repression (4, 5). Although 
initiated by piRNAs, permanent silencing 
soon becomes independent of the Piwi path- 
way and is stable for generations. Consistent 
with an impact on transcription, the repressed 
target region becomes packaged with silent 
histone (heterochromatic) marks (5). Genetic 
screens and candidate approaches identify 
nuclear WAGOs, chromodomain protein, and 
putative histone methyltransferases, among 
others, as key components of the machinery 
required to maintain this repression over gen- 
erations (4-6). The studies by Bagijn et al. 


and others (3—6) provide a global view on how 
foreign elements are silenced—from the ini- 
tial trigger by piRNAs, to a heritable state via 
22G-RNAs. Like worm piRNAs, some mam- 
malian Piwi proteins are invested with mil- 
lions of uniquely mapping piRNAs, but with 
no known function. It can be envisaged that 
with relaxed engagement rules, these might 
also participate in genome surveillance. The 
relevance of mRNA regulation by piRNAs, 
however, remains to be clarified and raises 
questions about the lack of piRNA sequence 
conservation. It is hoped that the discovery of 
factors required for permanent silencing in 


the worm will stimulate research in the mam- 
malian and insect piRNA pathways, where a 
direct communication with the nuclear com- 
partment is established. 
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Approaching Asymmetry and 
Versatility in Polymer Assembly 


Darrin J. Pochan 


odern integrated circuits are pro- 
duced in a “top-down” approach 
with the aid of lithographic tech- 


niques to sequentially control the etching and 
deposition of materials. Arbitrary nanoscale 
shapes can be created in a desired hierarchi- 
cal sequence to produce a functional device. 
If assembled with no control of size, shape, 
or sequence, the same materials produce no 
function and no technol- 
ogy. In contrast to lithogra- 
phy, “bottom-up” solution 
processing can assemble 
nanoscale polymeric mate- 
rials in a simple manner, 
often through aggregation 
and phase separation pro- 
cesses driven by multiple 
weak interactions and the 
minimization of free energy 
(1). Unfortunately, bottom- 
up products are usually 
relatively simple and sym- 
metrical (e.g., spherical and 
cylindrical micelles, bilayer 
membranes, and spherical 
colloids). On page 559 of 
this issue, Rupar ef al. (2) 
present a beautiful example 
of complexity and arbitrary 
control of solution-grown 
nanomaterials. The authors 
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combined aspects of sequential, top-down 
control with bottom-up simplicity by using 
molecular design, solution assembly, crystal- 
lization, and covalent cross-linking chemistry 
in a multistep fashion. 

To grow nanostructures from soft-matter 
components (e.g., polymers and polypep- 
tides) with arbitrary structure and complex- 
ity, multistep processing strategies that mimic 
top-down strategies must 
replace “one-pot” assembly 
methods. For example, par- 
ticle replication in nonwet- 
ting templates (PRINT) (3), 
a recently developed soft- 
matter equivalent to lithog- 
raphy in electronics, com- 
bines a patterned mold that 
defines a particle size and 
shape. Subsequent material 
additions (e.g., sequential 


Multistep solution processes can create polymeric 
nanoparticles that are asymmetrical and that 
have complex internal structures. 


addition of cross-linkable organic monomers) 
and processing steps (e.g., covalent cross- 
linking or physical phase separation) produce 
polymer particles of arbitrary size and shape 
with multiple internal compartments, pay- 
loads, or surface functionality. 

In this context, a hierarchy of steps that 
exploits intermolecular interactions with a 
variety of type and strength (e.g., noncova- 
lent and covalent steps) is required to repli- 
cate top-down control purely in solution. The 
potential utility of multistep assembly pro- 
cesses has been shown for block copolymers, 
which covalently link chains with differ- 
ent chemical functionalities (4). The desired 
aggregation in a particular solvent environ- 
ment is driven initially by solvophobic blocks 
that create a core, which is then surrounded 
by a solvophilic block. Newer strategies take 
this process one or two steps further. Mul- 
tiple solvophobic blocks can be forced into 


Solution processing. Rupar et al. constructed asymmetric nanoparticles in several steps. 
(A) A block copolymer in solution assembles into a cylindrical nanoparticle (green) with a 
crystalline core. The red ends of the grown cylinder provide sites from which additional block 
copolymer molecules can crystallize. (B) A new block copolymer is added that can assemble 
via CDSA into cylinders (lavender) symmetrically from the nanoparticles in (A). (C) The outer- 
shell polymer blocks of the new cylinder end segments are covalently cross-linked (purple). 
This cross-linking blocks any additional assembly and does not affect the outer-shell block of 
the initial seed cylinder because it has different outer-shell chemistry. (D) Changing solvent 
dissolves the non—cross-linked middle cylinder section and leaves the end cylinder segments 
as new seeds with only one active end. This step is key for asymmetry in the final nanostruc- 
ture. (E) New block copolymers are added that can undergo CDSA and grow into cylinders 
(orange). However, these new polymers begin to crystallize and assemble only on the one 
active end of the existing cylinder end sections produced in (D). (F) Additional new block 
copolymer may be added to grow another segment. (G) Changing solution conditions can 
force aggregation of the blue-end cylinder segments and form star-like clusters. 
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the core of an aggregate by combining them 
within a single block copolymer, and local 
phase separation of unlike chemical func- 
tionalities in the same core creates multiple 
compartments (5). Altering solution condi- 
tions can also transform particle shape (6, 7). 
Two or more different block copolymers 
also can be forced into the same nanoparti- 
cle. If the blend produces a mixture of unlike 
blocks in the solvophilic region of the assem- 
bly, patterns of different chemistry can be 
produced on the outside of the aggregate, 
such as patches on vesicle membranes (8, 9). 
If the blend results in a mixture of blocks in 
the solvophobic region of the assembly, these 
unlike blocks can phase-separate and locally 
achieve a distinctive shape of nanoparticle 
that respective block copolymers in the mix- 
ture would adopt if assembled in solution on 
their own, creating a multicompartment, mul- 
tigeometry nanoparticle (e.g., a combined 
spherical-cylindrical nanoparticle) (/0). 
Recently, researchers have taken small, 
multicompartment block copolymer nanopar- 
ticles and used a stepwise, hierarchical solu- 
tion-processing method to build up larger, 


multicompartment superstructures of a 
desired size and number of compartments 
(/1). Rupar et al. take this multistep strat- 
egy further with combined steps of molecular 
solution assembly and the strong interactions 
of crystallization in a specific hierarchy. They 
call this process crystallization-driven self- 
assembly (CDSA). A crystallized polymer 
block defines the core of the particles. The fig- 
ure illustrates the multistep, lithography-like 
hierarchical construction process. Final par- 
ticles may contain an arbitrarily chosen num- 
ber of segments of desired length along the 
CDSA-grown nanoparticles. The nanopar- 
ticles are noncentrosymmetric with regard to 
composition, in stark contrast to a vast major- 
ity of solution-assembled nanostructures. 
These methods developed by Rupar et al. 
go well beyond “self-assembly.” Spontaneous 
self-assembly does occur within steps of the 
nanoparticle construction process (e.g., step A 
in the figure), but molecular assembly occurs 
in remaining steps only with direction from 
previously assembled seed particles (e.g., 
steps B and E in the figure) and in response 
to chosen processing (e.g., cross-linking 


PERore LIVES 


chemistry or sequential addition of new block 
copolymer). Nor is the process in the fig- 
ure an example of “directed self-assembly” 
where forming or preformed nanoparticles 
are ordered with external fields or templates 
(12). The combined use of covalent chemis- 
try, crystallization, and partial dissolution, in 
addition to self-assembly and directed assem- 
bly, is an example of a new hierarchical para- 
digm for soft nanomaterial solution construc- 
tion. This new solution construction is not 
limited by physical or chemical tools and can 
be used to create complex, asymmetric nano- 
structures both uniformly and reproducibly. 
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SYSTEMS BIOLOGY 


Modular Biological Complexity 


Christof Koch 


capability to fully simulate the human 

brain on digital computers will exist 
within a decade. This is taken to imply that we 
will comprehend its functioning, eliminate all 
diseases, and “upload” ourselves to comput- 
ers (/). Although such predictions excite the 
imagination, they are not based on a sound 
assessment of the complexity of living sys- 
tems. Such systems are characterized by large 
numbers of highly heterogeneous compo- 
nents, be they genes, proteins, or cells. These 
components interact causally in myriad ways 
across a very large spectrum of space-time, 
from nanometers to meters and from micro- 
seconds to years. A complete understanding 
of these systems demands that a large frac- 
tion of these interactions be experimentally or 
computationally probed. This is very difficult. 

One can estimate the upper bound on the 
number of such interactions. The extent to 
which a system of n discrete components inte- 
grates information in a synergistic manner can 


| has been argued that the technological 
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be quantified (2), such that the system acts as 
more than the union of its parts. This requires 
evaluating the causal interactions among all 
possible partitions of the system. Considering 
all the distinct ways in which the system can 
be decomposed into parts cannot be done on a 
statistical basis (as, for example, with an ideal 
gas) because each interaction is particular; 
genomes, proteins, and cells interact in spe- 
cific ways. It is therefore necessary to evaluate 
all bipartitions, all ways in which the system 
can be divided into three parts, and so on. The 
number of ways a system can be partitioned 
is known as Bell’s number B,,.. For three ele- 
ments, there are B, = 5 such partitions; three 
genes, proteins, or cells may not interact at all, 
or any two of them can interact, or all three, 
for a total of five possibilities. Understanding 
the system requires measuring the probability 
and magnitude of each of these five. 

In general, on the order of B,, empirical or 
computational measurements have to be car- 
ried out to exhaustively describe the system. 
Collectively, the sum total of all interactions 
is referred to as the interactome (3). Unfortu- 
nately, Bell’s number scales faster than expo- 


Understanding how vast numbers of 
heterogeneous components behave in 
biological systems requires consideration 
of their interactions as modules. 


nentially. Thus, B,) is already 115,975. The 
standard asymptotic approximation of B,, for 
large numbers (4) is log(B,,) = n[log(n) — 1]. 
To appreciate the colossal times neces- 
sary to analyze complex organisms in this 
comprehensive manner, one can presuppose 
optimistically that the technologies needed 
to quantify and analyze interactions among 
the components keep on improving exponen- 
tially and indefinitely into the future. Moore 
predicted that the number of transistors per 
chip doubles every 18 to 24 months, an obser- 
vation known as Moore’s law. Suppose also 
that such a law of accelerating returns keeps 
improving by a factor of 10 each year. And 
suppose furthermore that in the first year, 10! 
such interactions can be evaluated. In the sec- 
ond year, it will be 10", for a total of 1.1 x 
10% over the 2 years. This geometric series 
sums, after ¢ years, to 10'7(10'— 1)/(10 - 1). 
Setting this equation to B, by exploiting the 
asymptotic expansion for B,, with 10‘ >> 1 
and neglecting the small 12 — log(9) term, 
yields the number of years to fully character- 
ize the complete system: 4, ~ n[log(n) — 1]. 
This is bad news. Consider a neuronal 
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synapse—the presynaptic terminal has an 
estimated 1000 distinct proteins. Fully ana- 
lyzing their possible interactions would take 
about 2000 years. Or consider the task of 
fully characterizing the visual cortex of the 
mouse—about 2 million neurons (5). Under 
the extreme assumption that the neurons in 
these systems can all interact with each other, 
analyzing the various combinations will take 
about 10 million years (see the figure), even 
though it is assumed that the underlying tech- 
nology speeds up by an order of magnitude 
each year. This conclusion is not substantially 
affected if only a fixed fraction (e.g., 0.001%) 
of all interactions need to be characterized, 
if the initial technology is better and could 
analyze 100 times as many interactions, or if 
the technology scales annually by two orders 
of magnitude instead of one. We know from 
proteomics that not all proteins interact with 
each other. Likewise, we know from neuro- 
anatomy that brains are not fully intercon- 
nected but primarily make local synapses. 
However, the number of possible interac- 
tions in both cases is still on the order of 10° 
or more, which implies an interactome that is 
astronomically large. 

Given the large number of components 
that cannot be averaged away, any possible 
technological advance is overwhelmed by the 
relentless growth of interactions among all 
components of the system. It is not feasible 
to understand evolved organisms by exhaus- 
tively cataloging all interactions in a compre- 
hensive, bottom-up manner. More is needed. 

Allen and Greaves (6) recently introduced 
the metaphor of a “complexity brake” for the 
observation that fields as diverse as neurosci- 
ence and cancer biology have proven resistant 
to facile predictions about imminent practi- 
cal applications. Improved technologies for 
observing and probing biological systems 
has only led to discoveries of further lev- 
els of complexity that need to be dealt with. 
This process has not yet run its course. We 
are far away from understanding cell biology, 
genomes, or brains, and turning this under- 


standing into practical knowl- 
edge. The complexity break is 
very apparent in the figure. 

Engineered systems can 
contain millions (airplanes) 
or billions (microprocessors) 
of components. Yet these are 
purposefully built in such a 
manner to limit the interac- 
tions among the parts to a 
small number. For instance, design rules for 
the a layout of integrated electronic circuits 
impose a minimum distance between wires 
and other components to eliminate coupling, 
and separate power supply from computing, 
and computing from memory. None of this 
is true for nervous systems. It is this reduc- 
tion in the interactome that allows engineers 
to build large and robust systems where the 
complexity brake does not apply. 

The complexity brake could be loosened if 
a supra-individual level of components were 
discovered. If groups of components behave 
as a single module, the effective number of 
interactions that need to be analyzed would 
drop precipitously. If a minicolumn of about 
1000 cortical neurons proves to be the relevant 
module to understand the cerebral cortex (7), 
t, for the mouse visual cortex reduces from 
millions of years to five millennia. If the inter- 
actions among minicolumns could be further 


How long will it take? The logarithm of Bell’s number (left axis) and the upper bound on 
the time it takes to fully analyze all possible partitions of the system (right axis) are shown 
as a function of the number of components (proteins or cells). 


causally reduced to interactions among cor- 
tical columns (8), where each column con- 
sists of about 10 x 10 minicolumns, the goal 
to fully understand the visual cortex could be 
reached within 6 years (assuming technolo- 
gies increase by a factor of 10 each year). 
The discovery of modular, hierarchi- 
cal structures that capture the behavior of 
complex systems in a causal manner (9) is 
essential to speed up solving these challeng- 
ing problems. This emphasizes the need to 
develop heuristic methods to discover mod- 
ules (0). For if appropriate modules cannot 
be found, understanding of life will escape us. 
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ECOLOGY 


How Did the Cuckoo Get 
Its Polymorphic Plumage? 


Johanna Mappes and Leena Lindstrom 


As reed warblers learn to avoid the threat from cuckoos resembling sparrow hawks, they remain 


under threat from differently colored cuckoos. 


ne hundred and fifty years ago, the 
English naturalist Henry Walter 
Bates first developed the theory of 
mimicry (/). Based on his field observations 
in the Amazon, he argued that the uncanny 
likeness of unrelated butterflies is an evolu- 
tionary adaptation whereby edible butterflies 
avoid predation by imitating the coloration of 
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venomous butterfly species without paying 
the cost of arming themselves. Such “Bates- 
ian mimicry” is a dynamic parasitic game 
between three players, in which a harmless 
species (the mimic) escapes predation by 
imitating the warning signals of harmful spe- 
cies (the model) that a shared predator (the 
dupe) has learned to avoid. On page 578 of 
this issue, Thorogood and Davies show that 
Batesian mimicry dynamics also apply to 
the evolutionary game between cuckoos and 
their hosts (2). 
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The key selective mechanism in 
the Batesian mimicry game is the 
predator’s ability to learn, general- 
ize, and remember (3, 4). The preda- 
tor learns by trial and error to avoid 
the harmful species and to general- 
ize the bad experience of the model as 
prey to the mimic. If mimics appear 
in high numbers, the predator’s good 
experience with the mimic as prey 
may decrease the survival of mimics 
and models, because both will be seen 
as harmless. This mechanism results 
in greater protection for rare mimics 
than for common ones. Because of 
this “negative frequency-dependent 
selection” (5), mimics are usually less 
numerous than models. To increase 
their population size, imitators have 
two options. They can imitate a model 
that is so dangerous that dupes do not 
dare to touch the imitators (6, 7), or 
they can evolve multiple forms (poly- 
morphism), enabling them to mimic 
several different models (8). 

Cuckoos (Cuculidae) are nest par- 
asites that infiltrate a nest, remove one 
of the eggs, and replace it with their 
own egg. Nest parasitism enables 
cuckoos to have their young raised 
by host birds and frees them from 
the costs of parenting. As hosts have 
evolved to defend their nests from 
cuckoos, so cuckoos have evolved 
counteradaptations to overcome the hosts’ 
defense. One trick that allows common cuck- 
oos (Cuculus canorus) to approach the nest 
of their host is by mimicking a sparrow hawk 
(Accipiter nisus), one of the most danger- 
ous predators for the host birds. Cuckoos 
that resemble hawks are not mobbed by their 
hosts and can thus more easily approach the 
nest to lay their eggs (9). 

But why do European common cuck- 
oos have polymorphic plumage? Males are 
always gray, but females can be either gray, 
like the male, or rufous (brown) (see the fig- 
ure). This could suggest that some females 
are imitating other avian predators such as 
kestrels or merlins (10). Plumage polymor- 
phism is very common in other cuckoo spe- 
cies too, and all polymorphic cuckoo species 
are brood parasites (//). 

Is plumage polymorphism widespread in 
this group because cuckoos evolved to resem- 
ble several different models due to negative 
frequency-dependent selection? This remains 
to be tested, but as we learn from the experi- 
ment by Thorogood and Davies, polymorph- 
ism among mimics can be maintained with a 
mechanism that is novel to mimicry literature. 


Like many animals, birds can observe and 
learn from other birds (/2). Reed warblers, 
the most important host species for cuckoos 
in the UK, learn from their neighbors how 
to defend their nests against cuckoos. Indi- 
viduals that have observed how their neigh- 
bors have mobbed a cuckoo are braver to 
approach, mob, and defend their nests against 
the parasite, thereby enhancing their repro- 
ductive success (/3). 

Thorogood and Davies now show that a 
reed warbler that has seen its neighbor mob a 
gray cuckoo will increase its mobbing against 
gray cuckoos but not against brown cuck- 
oos, and vice versa. If this social information 
about cuckoo presence in the area spreads too 
widely, the more common morph can lose 
its mimetic advantage. This gives the rarer 
type a chance to lay its eggs in warbler’s nests 
because the hosts do not recognize it. 

The details of this hawk-cuckoo-warbler 
game are different to Batesian mimicry, but 
they share a core principle. In systems where 
appearance is used as deception, negative 
frequency-dependent selection favors poly- 
morphism in the cheating party. In contrast to 
classical Batesian mimicry, the hawk (model) 
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The advantages of mimicry. Thorogood and 
Davies show that cuckoos that mimic spar- 
row hawks increase their chance to approach 
the warbler’s nest and lay their eggs (A). The 
deception can break down when the warblers 
learn to discriminate between gray cuckoos 
and sparrow hawks and spread this informa- 
tion to others (B). This gives an advantage 
to the rufous cuckoos, which should become 
more numerous as a result. However, when 
neighbors warn about rufous cuckoos, the 
gray morph gets an advantage (C). 


does not benefit from the discrimi- 
native learning of the dupe, and it is 
unlikely that the mimicry of the cuckoo 
harms the hawks. It remains to be 
shown whether the information sharing 
among dupes reported in (2) could also 
be applied to the evolution of Batesian 
mimicry. Thus far, the evidence sug- 
gests that predators are more likely to 
pick up social information on what to 
eat rather than what to avoid (/4). 
Thorogood and Davies’s findings 
show that, 150 years after its discovery, 
mimicry still contributes fundamental 
insights into ecological and evolution- 
ary biology. It remains unclear why 
rufous cuckoos are not increasing in 
numbers in the UK, despite their rar- 
ity advantage. Perhaps the rufous 
cuckoo is not as good a predator imi- 
tator as the gray cuckoo, and thus can- 
not fool the hosts as well. Or perhaps 
the rufous females have some physiological 
or reproductive disadvantages compared to 
the gray females. The answer may lie in loca- 
tions, like Hungary (/5), where rufous cuck- 
00s are more numerous than in the UK. 
Another fascinating question is why indi- 
vidual reed warblers vary so much in their 
responses (2) and risk-taking toward the 
hawk and the parasite. And how many indi- 
viduals must learn to discriminate between 
the cuckoo and the hawk and share this infor- 
mation with others to maintain the plumage 
polymorphism in the cuckoo? 
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F. Herbert Bormann (1922-2012) 


Lars 0. Hedin 


Herbert Bormann was a leading 
E architect of our modern view of land 
@ ecosystems. At a time when ecology 
was largely concerned with individual spe- 
cies in local environments, Bormann and 
his collaborators proposed that nature can 
be rigorously understood as an integrated 
whole by measuring how entire ecosystems 
of interacting species cycle nutrients and 
minerals at the scale of forested watersheds. 
The result—the small watershed ecosystem 
approach—has since grown into a leading 
tool for understanding how complex land 
ecosystems function in the biosphere and 
how these systems are affected by stresses 
such as air pollution or climate change. 

Central to the development of the small 
watershed idea, and to what became the Hub- 
bard Brook Ecosystem Study in the White 
Mountains of New Hampshire, was a meeting 
of four young minds in the early 1960s. Bor- 
mann, then a botany professor at Dartmouth 
College, had been exposed to the idea that 
forest hydrology could be measured at scales 
of entire watersheds and held a long-standing 
interest in how biological communities and 
their physical environment are best abstracted 
in nature. Gene E. Likens, just arrived at 
Dartmouth, shared Bormann’s fascination 
with complex ecosystems and brought deep 
understanding of biogeochemistry and of 
whole-ecosystem experimentation. Robert S. 
Pierce, a scientific leader at the U.S. Forest 
Service, had just begun hydrological studies 
of gauged watersheds at the Hubbard Brook 
Experimental Forest. Finally, Noye M. John- 
son was a young Dartmouth geochemist with 
keen understanding of weathering in coupled 
plant-soil-water systems. 

What evolved was a new technique for 
studying and quantifying land ecosystems 
that has since revolutionized ecology, biogeo- 
chemistry, and environmental biology. In their 
seminal 1967 article in Science (J), Bormann 
and Likens offered a conceptual justification 
for their new approach: “The small watershed, 
with its measured parameters of hydrologic 
and chemical input, output, and net change, 
is an excellent vehicle for the study of inter- 
relationships within a single ecosystem.” By 
carefully measuring the dynamics of nutrients 
and pollutants at the vast scale of watersheds, 
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Bormann and his colleagues drew new con- 
nections between the biosphere, atmosphere, 
geosphere, and hydrosphere. 

A series of influential findings followed. 
Perhaps most eye-catching was the experi- 
mental deforestation of an entire watershed 
(2), aimed at understanding how the internal 
plant-soil cycle of nutrients and water acts to 
sustain forests. Today, we accept the value of 
large-scale experiments (witness recent iron 
fertilizations of large swaths of ocean), but 
at that time, watershed manipulations had 
never before sought to disentangle the biogeo- 
chemistry of a forested ecosystem. In 1979, 
Bormann and Likens presented a conceptual 
model of the Hubbard Brook forest ecosystem 
that was grounded in more than 20 years of 
research (3). 

The scientific value of the Hubbard Brook 
small watershed approach has only increased 
over time, and the model has been replicated 
worldwide. During the often intense debate 
about acid rain in the 1980s and 1990s, mea- 
surements and experiments from the Hubbard 
Brook watersheds were crucial for identifying 
acid rain in North America (4) and for eluci- 
dating the serious and complex ways by which 
human-produced sulfuric and nitric acids 
affect forest plants, soils, and waters. 

Today, the long-term records of care- 
ful measurements collected since 1963 are 
offering invaluable clues about how eco- 
systems respond to climate change and 
other human perturbations. Central to these 
insights is the accumulation of the longest, 
most complete, and most integrated record 
of nutrient cycling, hydrology, forest growth, 
and climate change available anywhere: a 
half-century-long national treasure of envi- 
ronmental understanding. 

Bormann’s unique perspective may have 
arisen from early influences in his life. Born in 


An ecologist’s relentless focus on large-scale 
studies of watersheds played a key role in 
identifying human impacts on forests. 


1922 in an apartment above River- 
side Drive in New York City, he 
was affected by his mother’s love 
of nature and his father’s interest 
in social issues of the day. As an 
undergraduate student with Mur- 
ray Buell at Rutgers University 
and as a Ph.D. student with Henry 
Oosting at Duke University, he 
was exposed to Frederic Clem- 
ents’ ideas on how plant commu- 
nities interact with their environ- 
ments. But perhaps most influ- 
ential throughout his career was Bormann’s 
close relationship with his colleague, Gene 
Likens, whose point of view he once referred 
to as ““a complement to my own.” 

Bormann was the Oastler Professor of 
Forest Ecology at Yale University from 1966 
to his retirement in 1992. He was a mem- 
ber of the National Academy of Sciences 
and received numerous honors, includ- 
ing the prestigious Blue Planet Prize. As he 
addressed his fellow colleagues in celebra- 
tion of his retirement at the yearly meet- 
ing of collaborating scientists at Hubbard 
Brook—back then, held in a crowded and 
much-too-hot barn on U.S. Forest Service 
property—he could not resist the temptation 
of showing newly produced graphs illustrat- 
ing how the small watershed approach might 
be applied to ecosystem sustainability. His 
late-career interest in environmental sustain- 
ability is evocatively illustrated in a book on 
the American lawn, published with a group 
of students near his retirement (5). 

Herb Bormann’s passing leaves a void for 
many. Those of us who knew Herb experi- 
enced a mind dedicated to seeing the whole as 
well as the parts, to understanding top-down 
causation as well as bottom-up. Students who 
took his classes were inspired to think inde- 
pendently, question conventions, integrate 
across disciplines, and link ecological know- 
ledge to the most urgent environmental issues 
of the day. 
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Inescapable Pull 


BLACK HOLES, ONCE THE PRESERVE OF THEORY AND SCIENCE FICTION, ARE WELL- 
established inhabitants of the universe. Observations of the motions of stars 
orbiting the center of the Milky Way have proved beyond doubt that a black 
hole 4 million times as massive as the Sun resides there. Many other galaxies 
are thought to host similarly heavy or even heavier black holes at their cen- 
ters. Scattered out beyond the center, there are thought to be millions of lighter, 


Black Holes 


stellar-mass black holes, produced when the most massive stars collapse in on CONTENTS 
themselves at the end of their lives. This week, Science explores the current state 
of understanding of black holes with a series of Perspectives and Reviews. Perspectives 
Thorne (p. 536) describes what happens when black holes collide: Distur- 536 Cascical Black HaleccTaalonlineal 


bances in the curvature of space-time produced in these collisions are the target 
of a number of international gravitational wave observatories. In another Per- 
spective, Witten (p. 538) explains how black holes can be understood in terms 


Dynamics of Curved Spacetime 
K. S. Thorne 


of quantum mechanics and how this understanding, developed over the past four one aes Pesala ee oer nen 
decades, has been applied to more down-to-earth problems such as high-temper- 
ature superconductors and heavy-ion collisions. Reviews 

Fender and Belloni (p. 540) review the phenomenology of stellar black holes 540 Stellar-Mass Black Holes and 
accreting mass from binary star companions. These systems are luminous in Ultraluminous X-ray Sources 
the x-ray regime, and many of them undergo transient bright outbursts during R. Fender and T. Belloni 
which the mass accretion rate onto the black hole can change dramatically over 544 The Formation and Evolution of 


a period of days. The detailed study of these outbursts has led to progress in the 
understanding of black hole accretion. 

Volonteri (p. 544) reviews the formation of the massive black holes that 
reside in the centers of galaxies and how they affect, and are affected by, gal- 
axy evolution. This area of study has grown in importance over the last decade 
because of the strong observed correlation between black-hole and galaxy prop- 
erties and the systematic detection of very distant active galaxies powered by 
massive black holes. 

Finally, in the Reports section, Webb et al. (p. 554) present radio observations 
of a hyperluminous x-ray source in an external galaxy, which are consistent with 
the presence of a black hole with a mass between that of stellar-mass black holes 
and massive black holes. Intermediate-mass black holes are still mysterious, and 
their existence, contrary to that of their light and massive cousins, is still a matter 
of much debate. 

— MARIA CRUZ 


Massive Black Holes 
M. Volonteri 


See also Report p. 554; Science Express Report by 


R. C. Reis et al.; Science Podcast; and video at 
http://scim.ag/black_holes 
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PERSPECTIVE 


Classical Black Holes: The Nonlinear 
Dynamics of Curved Spacetime 


Kip S. Thorne 


Numerical simulations have revealed two types of physical structures, made from curved spacetime, that 
are attached to black holes: tendexes, which stretch or squeeze anything they encounter, and vortexes, 
which twist adjacent inertial frames relative to each other. When black holes collide, their tendexes and 
vortexes interact and oscillate (a form of nonlinear dynamics of curved spacetime). These oscillations 
generate gravitational waves, which can give kicks up to 4000 kilometers per second to the merged black 
hole. The gravitational waves encode details of the spacetime dynamics and will soon be observed and 
studied by the Laser Interferometer Gravitational Wave Observatory and its international partners. 


speculated that curved, empty spacetime could 

exhibit rich, nonlinear dynamics—which he 
called geometrodynamics—analogous to the writh- 
ing surface of the ocean in a storm. Wheeler urged 
his students and colleagues to seek insight into 
geometrodynamics by solving Einstein’s general 
relativity equations (/). 

Motivated by Wheeler and by the 1963 dis- 
covery of quasi-stellar radio sources (quasars), 
physicists identified black holes as “gravitational 
solitons” —objects made wholly and solely from 
curved spacetime, objects whose curvature is gen- 
erated by the energy stored in the curvature. 
From general relativity, they deduced that black 
holes can spin and oscillate; that the evolution 
of a black hole is governed by a set of physical 
laws that resemble the laws of thermodynamics; 
and most famously that, if a black hole is tiny, it 
can emit Hawking radiation due to quantum ef- 
fects and thereby gradually evaporate (2). 

At this point (~1976), research on black-hole 
theory bifurcated into the classical theory for the 
large black holes that astronomers study, and the 
quantum theory for tiny, evaporating black holes 
that can teach us about the laws of quantum grav- 
ity. The quantum theory is described in another 
Perspective in this issue (3). I shall describe re- 
cent developments in the classical theory. 

In the late 1970s, those of us working on the 
classical theory were stymied. We wanted to 
learn the details of the “stormy behavior” of curved 
spacetime that would be generated, for exam- 
ple, when spinning black holes collide; but we 
weren’t clever enough to dig the answers out of 
Einstein’s equations. We wanted to observe that 
stormy behavior in the astrophysical universe, but 
astronomical telescopes looked hopelessly in- 
capable of such observations. 

This motivated us to formulate a two-pronged 
attack on geometrodynamics: numerical simula- 
tions of colliding black holes to discover relativ- 
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ity’s predictions, and observations of gravitational 
waves from colliding black holes to test those 
predictions. The simulations have reached firui- 
tion in the past several years, and the observa- 
tions are near fruition, as I shall describe. 

To make sense out of the simulations, we have 
invented a way to visualize the Riemann curvature 
tensor, which embodies the curvature of spacetime 
(4). Just as the electromagnetic field can be split 
into an electric field and a magnetic field, so the 
Riemann tensor can be split into a tidal field € that 
stretches and squeezes anything it encounters, and 
a frame-drag field 6 that twists adjacent inertial 
frames with respect to each other (5). Mathematical- 
ly these fields are second-rank tensors, 1.e., 3 by 
3 matrices. Just as electric and magnetic fields can 
be visualized using field lines—e.g., the dipolar 
magnetic field lines that surround Earth—so € 
and 8 can each be described by three orthog- 
onal sets of field lines, called (tidal) tendex lines 
for E and (frame-drag) vortex lines for B (6). 

The tendex lines come in two varieties: those 
that stretch (red lines in Fig. 1A) and those that 
squeeze (blue lines). If a person’s body is oriented 
along a red tendex line, then she gets stretched 


A 


with a relative head-to-foot gravitational acceler- 
ation that is the product of her length times the 
tendex line’s tendicity (eigenvalue of E€) (6), and 
she gets squeezed transversely by the blue tendex 
lines that pass transversely through her body. Red 
tendex lines that stick radially out of the Moon and 
pass through the Earth raise high tides on the Earth’s 
oceans; the Moon’s circumferential (blue) tendex 
lines, passing through Earth, produce low tides. 

Vortex lines (Fig. 1B) also come in two varieties. 
Ifa person’s body is oriented along a red vortex line, 
then gyroscopes at her feet precess (twist) counter- 
clockwise as measured by an inertial frame at her 
head, and gyroscopes at her head precess in the 
same counterclockwise direction as measured by 
an inertial frame at her feet. If her body is ori- 
ented along a blue vortex line, then the precessions 
(twists) are clockwise. The angular velocity of 
precession is the product of her length times the 
vortex line’s vorticity (eigenvalue of 8). These pre- 
cessions are similar to wringing a wet towel to re- 
move water: There are two ways for you to twist 
the towel, clockwise or counterclockwise. 

The horizon (surface) of the black hole in 
Fig. 1B is color coded by the vorticity that would 
be felt by a person falling lengthwise through 
it (the normal normal component of the frame- 
drag field, 6,,,). The red and blue spots on the 
horizon have large horizon vorticity, so we call 
them horizon vortexes. The bundles of vortex 
lines emerging from those spots also have large 
vorticity; they are (frame-drag) vortexes. 

A dozen research groups are now simulating 
black-hole collisions, and the simulations are teach- 
ing us about geometrodynamics. | shall describe 
two instructive examples (7). 

Lovelace et al. (8) have simulated the head-on 
collision of two identical black holes with spin axes 
perpendicular to the direction of collision and anti- 
parallel to each other (movie S1 and Fig. 2). When 
the holes collide, each hole deposits its two vortexes 
on the merged horizon. The four vortexes, feeling 
each others’ presence, interact. Adjacent vortexes 


Fig. 1. (A) The (tidal) tendex lines around a spherical body, which could be the Earth, Moon, Sun, 
or a nonspinning black hole. (B) The (frame-drag) vortex lines around a black hole that spins at 


0.95 of its maximum possible rate. From (4). 
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Fig. 2. (A to C) Snapshots of vor- 
tex lines and horizon vorticity for 
a simulation of a head-on collision 
of two spinning black holes, after 
the holes have merged. From sim- 
ulation described in (8); figure by 
F. Zhang, adapted from (4) with 
dashed tendex lines drawn in by 
hand. 


slow each other and then exchange vorticity (di- 
rection and magnitude of twist). The red horizon 
vortexes in Fig. 2A become blue and the blue be- 
come red, leading to Fig. 2B. In the middle of this 
exchange, when the (color-coded) horizon mo- 
mentarily turns green everywhere, the vortex lines 
pop off the horizon, the red lines’ ends merge to 
form red closed loops, and the blue lines’ ends 
similarly merge; these red and blue loops form a 
torus (Fig. 2C) that expands outward much like 
an expanding smoke ring. In the meantime, the 
hole’s oscillation energy, which has been tem- 
porarily stored in tendexes (not shown), sloshes 
back into a new set of vortex lines attached to the 
hole (center of Fig. 2C; same as Fig. 2A but dif- 
ferent perspective). 

As the torus of twisting space expands, its 
time-evolving vortex lines create a set of tendex 
lines that wrap longitudinally and transversely 
around the torus (dashed brown and green lines 
in Fig. 2C). The torus has now become a grav- 
itational wave—a curved-spacetime structure that 
contains intertwined vortex lines and tendex 
lines and propagates outward at the speed of 
light. As the merged hole oscillates, it emits a 
sequence of tori that carry away the oscillation 
energy. The oscillations gradually die out, leav- 
ing a final, nonspinning black hole with its vor- 
texes exponentially weakened and disappearing. 

My second example is the more astrophysi- 
cally realistic case of two identical spinning black 
holes that spiral together in a near-circular orbit, 
then collide and merge (9). The four vortexes get 
deposited on the merged horizon (red and blue 
spots in Fig. 3A); in addition, the orbital angular 
momentum causes the merged hole to tumble end 
over end in the plane of the picture, and that rota- 
tional tumbling creates two more vortexes on the 
horizon (not shown): one, red, facing the reader; 
the other, blue, on the back. The four tumbling vor- 
texes generate spiral arms, much like water splaying 
out of a rotating sprinkler head (Fig. 3B). As the 
arms spiral outward, their vortex lines generate 
accompanying tendex lines, producing the inter- 


Fig. 3. Collision and merger of two spinning black holes in a 
circularly orbiting binary. (A) Merged horizon, colored by its 
vorticity, and some vortex lines (red and blue) and tendex lines 
(brown and green) emerging from the horizon (schematic). (B) 
Equatorial plane of the merged black hole, several rotations after 
merger, showing (i) two families of vortex lines (solid and dashed), 
and (ii) the vorticity of the strongest lines (blue for solid vortex 
lines, red for dashed; color intensity proportional to magnitude 
of vorticity). Drawing (B) was computed by D. Nichols via black- 
hole perturbation theory for a merged hole with spin 0.7 of its 
maximum. 
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twined complex that we recog- 
nize as a gravitational wave. 

The merged horizon not only 
has attached tumbling vortex 
lines; it also has attached tumbling 
tendex lines (Fig. 3A) whose 
tendicity is nearly minus the ho- 
rizon’s scalar curvature. On each 
of the horizon’s sphere-like ends, 
its scalar curvature is positive so it 
sprouts a bundle of brown tendex 
lines, ie., a stretching tendex. Around 
the horizon’s saddle-shaped mid- 
dle the scalar curvature is nega- 
tive, so it sprouts a fan-shaped 
bundle of green tendex lines, 1.e., 
a squeezing fan-shaped tendex. As 
the horizon tumbles, its red and 
green tendexes sweep outward 
and backward in spiral arms, sim- 
ilar to the vortex spirals of Fig. 
3B, and the outspiraling tendex 
lines generate accompanying vor- 
tex lines, producing thereby a grav- 
itational wave. 

There thus are two gravita- 
tional waves coming from the 
merged, tumbling black hole: a 
vortex-generated wave (which, at 
late times, has negative parity—it 
changes sign under reflection) and 
a tendex-generated wave (with 
positive parity). These two waves 
superpose on each other construc- 
tively in some directions and de- 
structively in others, enabling the 
waves to carry a large amount of 
net momentum (4). Corresponding- 
ly, the waves can give the merged 
black hole a large radiation-reaction 
kick (up to 4000 km/s) (0, 1/). 

Because the horizon’s two- 
dimensional scalar curvature is 
(nearly) minus the tendicity of the 
tendex lines that emerge from it, 
and as they turn those lines gen- 
erate half the gravitational waves, 
there is a strong correlation be- 
tween the horizon’s scalar curva- 
ture and the emitted waves (/2). 

The gravitational waveforms 
from a merging black-hole binary 
carry detailed information about 
the initial black holes (their mass- 
es, spins, and orbit), the final 
merged black hole (its mass and 
spin), and the geometrodynamics 
of the merger. To facilitate ex- 
tracting this information from ob- 
served waves, and to facilitate 
finding the waves themselves in 
the noisy output of gravitational- 
wave detectors, an international 
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collaboration of numerical relativity groups is gen- 
erating a large catalog of waveforms, and a dic- 
tionary of the information in the waveforms (/3). 

These waveforms will be observed by the 
Laser Interferometer Gravitational Wave Observ- 
atory (LIGO), with interferometers in Livingston, 
Louisiana, and Hanford, Washington, and by 
LIGO’s international partners: the Virgo interferom- 
eter near Pisa, Italy, and (just recently funded) the 
Kamioka Gravitational Wave Antenna (KAGRA) 
in the Kamioka mine in Japan (/4). The initial 
LIGO and Virgo interferometers (with sensitivities 
at which it is plausible but not likely to see waves) 
were designed to give the experimental teams 
enough experience to perfect the techniques and 
design for advanced interferometers—that will 
have sensitivities at which they are likely to see 
lots of waves. 

Initial LIGO and Virgo exceeded and reached 
their design sensitivities, respectively (/5), and 
carried out searches for waves in 2006-2007 and 
2009-2010. As was expected, no waves have been 
seen, though the data are still being analyzed 
and many interesting results have been obtained 
(16). The advanced LIGO and advanced Virgo 
interferometers are now being installed (/7) and 
by 2017 should reach sensitivities at which black- 
hole mergers are observed. The LIGO/Virgo team 


will use their merger observations to test numer- 
ical relativity’s geometrodynamic predictions. This 
will be just one of many science payoffs from 
LIGO and its partners, but it is the payoff that 
excites me the most. 
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PERSPECTIVE 


Quantum Mechanics of Black Holes 


Edward Witten 


The popular conception of black holes reflects the behavior of the massive black holes found 

by astronomers and described by classical general relativity. These objects swallow up whatever 
comes near and emit nothing. Physicists who have tried to understand the behavior of black holes 
from a quantum mechanical point of view, however, have arrived at quite a different picture. 
The difference is analogous to the difference between thermodynamics and statistical mechanics. 
The thermodynamic description is a good approximation for a macroscopic system, but statistical 
mechanics describes what one will see if one looks more closely. 


transition is possible from an initial state |i> 

to a final state | f>, then it is also possible to 
have a transition in the opposite direction from 
| f> to |i>. The most basic reason for this is that 
the sum of quantum mechanical probabilities must 
always equal 1. Starting from this fact, one can 
show that, on an atomic time scale, there are equal 
probabilities for a transition in one direction or 
the other (/). 

This seems, at first, to contradict the whole 
idea of a black hole. Let B denote a macroscopic 
black hole—perhaps the one in the center of the 
Milky Way—and let A be some other macro- 
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scopic body, perhaps a rock or an astronaut. Fi- 
nally, let B* be a heavier black hole that can be 
made by combining 4 and B. General relativity 
tells us that the reaction 4 + B — B* will occur 
whenever 4 and B get close enough. Quantum 
mechanics tells us, then, that the reverse reaction 
B* — A+ B can also happen, with an equiv- 
alent amplitude. 

The reverse reaction, though, is one in which 
the heavier black hole B* spontaneously emits 
the body A, leaving behind a lighter black hole 
B. That reverse reaction is exactly what does not 
happen, according to classical general relativ- 
ity. Indeed, the nonoccurrence of the reverse re- 
action, in which a black hole re-emits whatever 
it has absorbed, is often stated as the defining 
property of a black hole. 


It seems, then, that black holes are impos- 
sible in light of quantum mechanics. To learn 
more, let us consider another physical principle 
that is also seemingly violated by the existence 
of a black hole. This is time-reversal symmetry, 
which says that if a physical process is possible, 
then the time-reversed process is also possible. 
Clearly, black holes seem to violate this as well. 

Time reversal is a subtle concept, and ele- 
mentary particle physicists have made some un- 
expected discoveries about it (2). However, for 
applications to black holes, the important prob- 
lem with time reversal is that in everyday life, it 
simply does not appear to be valid. We can spill 
a cup of water onto the ground, but the water 
never spontaneously jumps up into the cup. 

The explanation has to do with randomness 
at the atomic level, usually called entropy. Spill- 
ing the cup of water is an irreversible operation 
in practice, because it greatly increases the num- 
ber of states available to the system at the atomic 
level, even after one specifies all of the variables— 
such as temperature, pressure, the amount of 
water, the height of the water above the ground, 
and so on—that are visible macroscopically. The 
water could jump back up into the cup if the ini- 
tial conditions are just right at the atomic level, 
but this is prohibitively unlikely. 

The second law of thermodynamics says that 
in a macroscopic system, like a cup of water, a 
process that reduces the randomness or entropy 
in the universe can never happen. Now suppose 
that we consider what is sometimes called a 
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mesoscopic system—much larger than an atom, 
but not really macroscopic. For example, we could 
consider 100 water molecules instead of a whole 
cupful. Then we should use statistical mechanics, 
which tells us that a rare fluctuation in which ran- 
domness appears to diminish can happen, but 
very rarely. Finally, at the level ofa single particle 
or a handful of particles, we should focus on the 
fundamental dynamical equations: Newton’s laws 
and their modern refinements. These fundamen- 
tal laws are completely reversible. 

Since the late 19th century, physicists have 
understood that thermodynamic irreversibility 
arises spontaneously by applying reversible equa- 
tions to a macroscopic system, but it has always 
been vexingly hard to make this concrete. 


Black Hole Entropy and Hawking Radiation 


Now let us go back to the conflict between black 
holes and quantum mechanics. What is really wrong 
with the reverse reaction B* — A + B, wherein 
a heavier black hole B* decays to a lighter black 
hole B plus some other system A? 

A great insight of the 1970s [originating from 
a suggestion by Bekenstein (3)] is that what is 
wrong with the reverse reaction involving black 
holes is just like what is wrong with a time- 
reversed movie in which a puddle of water flies 
off the wet ground and into the cup. A black 
hole should be understood as a complex system 
with an entropy that increases as it grows. 

In a sense, this entropy measures the igno- 
rance of an outside observer about what there 
is inside the black hole. When a black hole B 
absorbs some other system A in the process A + 
B — B%, its entropy increases, along with its 
mass, in keeping with the second law of ther- 
modynamics. The reverse reaction B* — 4+ B 
diminishes the entropy of the black hole as well 
as its mass, so it violates the second law. 

How can one test this idea? If the irreversibility 
found in black hole physics is really the sort of 
irreversibility found in thermodynamics, then it 
should break down if A is not a macroscopic sys- 
tem but a single elementary particle. Although a 
whole cupful of water never jumps off the floor 
and into the cup, a single water molecule certainly 
might do this as a result of a lucky fluctuation. 

This is what Hawking found in a celebrated 
calculation (4). A black hole spontaneously emits 
elementary particles. The typical energy of these 
particles is proportional to Planck’s constant, so the 
effect is purely quantum mechanical in nature, and 
the rate of particle emission by a black hole of as- 
tronomical size is extraordinarily small, far too small 
to be detected. Still, Hawking's insight means that a 
black hole is potentially no different from any other 
quantum system, with reactions A + B — B* and 
B* — A+ B occuming in both directions at the 
microscopic level. The ireversibility of classical 
black hole physics is just like the familiar irrevers- 
ibility of thermodynamics, valid when what is ab- 
sorbed by the black hole is a macroscopic system. 


Although it was a shock at the time, perhaps 
in hindsight we should not be surprised that clas- 
sical general relativity does not describe proper- 
ly the emission of an atom or elementary particle 
from a black hole. After all, classical general rel- 
ativity is not a useful theory of atoms and indi- 
vidual elementary particles, or quantum mechanics 
would never have been needed. 

However, general relativity is a good theory 
of macroscopic bodies, and when it tells us that 
a black hole can absorb a macroscopic body but 
cannot emit one, we should listen. 


Black Holes and the Rest of Physics 


Is the quantum theory of black holes just a theo- 
retical construct, or can we test it? Unfortunately, 
the usual astrophysical black holes, formed from 
stellar collapse or in the centers of galaxies, are 
much too big and too far away for their micros- 
copic details to be relevant. However, one of the 
comerstones of modern cosmology is the study 
of the cosmic microwave radiation that was 
created in the Big Bang. It has slightly different 
temperatures in different directions. The theory 
of how this came about is in close parallel with 
the theory of Hawking radiation from black holes, 
and its success adds to our confidence that the 
Hawking theory is correct. 

Surprisingly, in the past 15 years, the theory of 
Hawking radiation and related ideas about quan- 
tum black holes have turned out to be useful for 
theoretical physicists working on a variety of more 
down-to-earth problems. To understand how this 
happened, we need one more idea from the early 
period. 


The Membrane Paradigm for Black Holes 


The entropy of an ordinary body like Earth or the 
Sun is basically a volume integral; to compute the 
entropy, one computes the entropy density and in- 
tegrates it over the interior of Earth or the Sun. 

Black holes seem to be different. According to 
Bekenstein and Hawking, the entropy of a black 
hole is proportional to the surface area of the black 
hole, not to its volume. This observation led in the 
early days to the membrane paradigm for black 
holes (5). The idea of the membrane paradigm is 
that the interactions of a black hole with particles 
and fields outside the hole can be modeled by 
treating the surface or horizon of the black hole as a 
macroscopic membrane. The membrane associ- 
ated with a black hole horizon is characterized by 
macroscopic properties rather similar to those that 
one would use to characterize any ordinary mem- 
brane. For example, the black hole membrane has 
temperature, entropy density, viscosity, and elec- 
trical conductivity. 

In short, there was a satisfactory thermodynam- 
ic theory of black hole membranes, but can one go 
farther and make a microscopic theory that de- 
scribes these membranes? An optimist, given the 
ideas of the 1980s, might hope that some sort of 
quantum field theory would describe the horizon 
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of a black hole. What sort of theory would this 
be, and how could one possibly find it? 


Gauge-Gravity Duality 

The known forces in nature other than gravity 
are all well described in the standard model of 
particle physics in terms of quantum field theories 
that are known as gauge theories. The prototype 
is Maxwell’s theory of electromagnetism, inter- 
preted in modern times as a gauge theory. 

Quantum gauge theory is a subtle yet relatively 
well-understood and well-established subject. The 
principles are known, but the equations are hard to 
solve. On the other hand, quantum gravity is much 
more mysterious. String theory has given some in- 
sight, but the foundations are still largely unknown. 

In the 1990s, string theorists began to discover 
that aspects of black hole physics can be modeled 
by gauge theory (6, 7). Such insights led to a remark- 
able new way to use gauge theory to study black 
holes and other problems of quantum gravity (8). 

This relied on the fact that string theory has 
extended objects known as branes (9), which are 
rather like membranes except that in general they 
are not two-dimensional. In fact, the word “brane” 
is a riff on “membrane.” 

Branes can be described by gauge theory; on 
the other hand, because black holes can be made 
out of anything at all, they can be made out of 
branes. When one does this, one finds that the 
membrane that describes the horizon of the black 
hole is the string theory brane. 

Of course, we are cutting comers with this 
very simple explanation. One has to construct a 
string theory model with a relatively large neg- 
ative cosmological constant (in contrast with the 
very small positive one of the real world), and then, 
under appropriate conditions, one gets a gauge 
theory description of the black hole horizon. 


Solving the Equations of Gauge Theory 


Gauge-gravity duality was discovered with the aim 
of learning about quantum gravity and black holes. 
One can turn the relationship between these two 
subjects around and ask whether it can help us 
better understand gauge theory. 

Even though gauge theory is the well-established 
framework for our understanding of much of phys- 
ics, this does not mean that it is always well under- 
stood. Often, even if one asks a relatively simple 
question, the equations turn out to be intractable. 

In the past decade, the gauge theory descrip- 
tion of black holes has been useful in at least two 
areas of theoretical physics. One involves heavy 
ion collisions, studied at the Relativistic Heavy Ion 
Collider at Brookhaven. The expanding fireball 
created in a collision of two heavy nuclei tums out 
to be a droplet of nearly ideal fluid. In principle, 
this should all be described by known equations of 
gauge theory—quantum chromodynamics, to be 
precise—but the equations are intractable. It turns 
out that by interpreting the gauge theory as a de- 
scription of a black hole horizon, and using the 
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Einstein equations to describe the black hole, one 
can get striking insight about a quantum almost- 
ideal fluid (/0). This has become an important 
technique in modeling heavy ion collisions. 
Condensed matter physics is described in prin- 
ciple by the Schrédinger equation of electrons and 
nuclei, but for most systems, a full understanding 
based on the Schrédinger equation is way out of 
reach. Nowadays, there is great interest in under- 
standing quantum critical behavior in quasi-two- 
dimensional systems such as high temperature 
superconductors. These systems are studied by a 
wide variety of methods, and no one approach is 
likely to be a panacea. Still, it has turned out to be 
very interesting to study two-dimensional quantum 
critical systems by mapping them to the horizon of 
a black hole (//). With this approach, one can per- 
form calculations that are usually out of reach. 
Among other things, this method has been 
used to analyze the crossover from quantum to 


dissipative behavior in model systems with a de- 
gree of detail that is not usually possible. In a 
sense, this brings our story full circle. The story 
began nearly 40 years ago with the initial insight 
that the irreversibility of black hole physics is anal- 
ogous to the irreversibility described by the sec- 
ond law of thermodynamics. In general, to reconcile 
this irreversibility with the reversible nature of the 
fundamental equations is tricky, and explicit cal- 
culations are not easy to come by. The link be- 
tween ordinary physics and black hole physics that 
is given by gauge-gravity duality has given physi- 
cists a powerful way to do precisely this. This gives 
us confidence that we are on the right track in 
understanding quantum black holes, and it also 
exhibits the unity of physics in a most pleasing way. 


References and Notes 
1. The precise mathematical argument uses the fact that 
the Hamiltonian operator H is hermitian, so that the 


transition amplitude <fIHli> is the complex conjugate 
of the transition amplitude <ilHIf> in the opposite 
direction. 
2. The precise time-reversal symmetry of nature also 
includes reflection symmetry and charge conjugation. 
3. J. Bekenstein, Phys. Rev. D Part. Fields 7, 2333 
(1973). 
4. S. W. Hawking, Nature 248, 30 (1974). 
5. K. S. Thorne, D. A. MacDonald, R. H. Price, Eds., 
Black Holes: The Membrane Paradigm (Yale Univ. 
Press, New Haven, CT 1986). 
6. A. Strominger, C. Vafa, Phys. Lett. B 379, 99 (1996). 
7. S.S. Gubser, |. R. Klebanov, A. W. Peet, Phys. Rev. D 
Part. Fields 54, 3915 (1996). 
8. J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998). 
9. M. J. Duff, R. R. Khuri, J.-X. Lu, Phys. Rep. 259, 213 
(1995). 
10. P. K. Kovtun, D. T. Son, A. O. Starinets, Phys. Rev. Lett. 
94, 111601 (2005). 
11. S. Sachdev, Annu. Rev. Cond. Matt. Phys. 3, 9 (2012). 


Acknowledgments: This research was supported in part 
by NSF grant PHY-096944. 


10.1126/science.1221693 


REVIEW 


Stellar-Mass Black Holes 
and Ultraluminous X-ray Sources 


Rob Fender?* and Tomaso Belloni” 


We review the likely population, observational properties, and broad implications of stellar-mass 
black holes and ultraluminous x-ray sources. We focus on the clear empirical rules connecting 
accretion and outflow that have been established for stellar-mass black holes in binary systems in 
the past decade and a half. These patterns of behavior are probably the keys that will allow us 
to understand black hole feedback on the largest scales over cosmological time scales. 


of the evolution of the most massive stars. 

The collapse of an iron core of >3 solar 
masses (Mj) cannot be stopped by either electron 
or neutron degeneracy pressure (which would other- 
wise result in a white dwarf, or neutron star, respec- 
tively). Within the framework of classical general 
relativity (GR), the core collapses to a singularity 
that is cloaked in an event horizon before it can be 
viewed. Like a giant elementary particle, the result- 
ing black hole is then entirely described by three 
parameters: mass, spin, and charge (/). Because 
galaxies are old—the Milky Way is at least 13 bil- 
lion years old—and the most massive stars evolve 
quickly (within millions of years or less), there 
are likely to be a large number of such stellar-mass 
black holes in our galaxy alone. Shapiro and 
Teukolsky (2) calculated that there were likely to 
be as many as 10° stellar-mass black holes in our 
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galaxy, under the assumption that all stars of ini- 
tial mass >10 times that of the Sun met this fate. 

The strongest evidence for the existence of this 
population of stellar-mass black holes comes from 
observations of x-ray binary systems (XRBs). In 
XRBs, matter is accreted (gravitationally captured 
into/onto the accretor), releasing large amounts of 
gravitational potential energy in the process. The 
efficiency of this process in releasing the gravita- 
tional potential energy is determined by the ratio 
of mass to radius of the accretor. For neutron 
stars, more than 10% of the rest mass energy can 
be released—a process more efficient at energy re- 
lease than nuclear fusion. For black holes, the ef- 
ficiency can be even higher (3), but the presence of 
an event horizon—from within which no signals can 
ever be observed in the outside universe—means 
that this accretion power may be lost. 

In some of these systems, dynamical mea- 
surements of the orbit indicate massive (>3 Mo) 
accretors that, independently, show no evidence 
for any emission from a solid surface. The first 
such candidate black hole x-ray binary (BHXRB) 
system detected was Cygnus X-1, which led to a 
bet between Kip Thorne and Stephen Hawking 
as to the nature of the accreting object (although 


both were moderately certain it was a black hole, 
Hawking wanted an insurance policy). In 1990, 
Hawking conceded the bet, accepting that the 
source contained a black hole. Since then, astron- 
omers have discovered many hundreds of x-ray 
binaries within the Milky Way and beyond, several 
tens of which are good candidate BHXRBs (4). 

Over the past decade, repeating empirical pat- 
terns connecting the x-ray, radio, and infrared emis- 
sion from these objects have been found and used 
to connect these observations to physical compo- 
nents of the accretion flow (Fig. 1). It is likely that 
some of these empirical patterns of behavior also 
apply to accreting supermassive (10° to 10? Mo) 
black holes in the centers of some galaxies, and 
that from studying BHXRBs on humanly accessi- 
ble time scales, we may be learning about the forces 
that shaped the growth of galaxies over the life- 
time of the universe. Between the stellar-mass black 
holes and the supermassive, there could be a popu- 
lation of intermediate-mass black holes (IMBHs), 
with masses in the range of 10° to 10° Mg. These 
may be related to the ultra-luminous x-ray sources 
(ULXs), very luminous x-ray sources that have been 
observed in external galaxies. However, the problem 
of the nature of these sources is still unsettled, and 
alternative options involving stellar-mass black 
holes are still open. 


Black Hole X-ray Binaries 


There are several different approaches to clas- 
sifying BHXRBs and their behavior, each of 
which can lead to different physical insights. One 
important approach is to look at the orbital pa- 
rameters, and the most important of these is the 
mass of the donor star because it relates to the 
age of the binary. High-mass x-ray binaries have 
OB-type (5) massive donors and are young sys- 
tems, typically with ages less than a million years 
or so. They are clustered close to the midplane of 
the Galactic disc and associated with star-forming 
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regions. Cygnus X-1 is one of only a small num- 
ber of high-mass BHXRB systems. 

Most BHXRBs are, however, low-mass x-ray 
binaries, which are almost certainly much older 
than the high-mass systems and as a result have a 
larger scale-height distribution in the galaxy and 
are hard to associate with their birth sites. In these 
systems, the companion donor star is of lower mass 
(typically less than 1 Mo) than the black hole. 
We now know of a sufficiently high number of 
accreting x-ray binaries to be able to study their 
galactic population, which we will not cover here. 
Most of these low-mass BHXRBs undergo tran- 
sient outbursts, in that they typically 
spend most of their time in faint qui- 
escent states before going into bright 
outbursts that approach the Eddington 
(6) limit and last from months to 
years. It is the detailed study of these 
outbursts, when the mass accretion 
rate onto the central black hole can 
change by orders of magnitude in just 
days, that has allowed us to make 
dramatic strides in our overall under- 
standing of black hole accretion. 

The outbursts of low-mass sys- 
tems are likely to be triggered by a 
hydrogen ionization instability in the 
accretion disc while the mass trans- 
fer rate from the donor star remains 
steady. Initially, the mass transfer rate 
is greater than the rate of accretion 
onto the central black hole. The disc, 
initially neutral, slowly rises in temper- 
ature as the mass accumulates, until 
at some point it reaches ~4000 K and 
the hydrogen starts to become ion- 
ized. At this point, the viscosity in- 
creases substantially, allowing much 
more efficient outwards transfer of 
angular momentum and inwards trans- 
fer of mass. The higher central mass 
accretion rate results in a luminous 
central x-ray source, and—because this accretion 
rate now exceeds the binary mass transfer rate— 
the mass of the disc begins to drop. At some point, 
the disc cools again, the viscosity drops, along with 
the luminosity, and the process starts again. The 
intervals between these cycles can last from months 
to centuries, depending on the mass transfer rate 
and binary parameters, implying that we have as 
yet only seen the tip of the iceberg of the transient 
XRB population. 

Although the detailed patterns of individual 
outbursts (including in some cases multiple out- 
bursts from the same source) differ, one of the 
major steps of the past decade was the realization 
that the overall evolution of an outburst outlined 
below is applicable to essentially all BHXRB 
outbursts (Fig. 2). Much of this global understand- 
ing arose from studies of one particularly bright 
and variable BHXRB, GRS 1915+105 (7), and 
our realization that what we had learned from it 


could be applied to other systems (8, 9). In the 
following sections, we describe the evolution of 
the outburst through Fig. 2, top; a sketch of likely 
geometries in the soft, intermediate/flaring, and 
hard states is presented in Fig. 2, bottom. An ani- 
mation of an outburst in the hardness-intensity 
diagram (HID) is presented in the supplementary 
materials (movie S1). 

The rising phase of the outburst (A — B). 
Sources in quiescence are rarely regularly moni- 
tored, and so usually the first thing we know about 
an outburst is an x-ray source rising rapidly in 
luminosity, as detected by x-ray all-sky monitors. 
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heating 
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Fig. 1. An artist's impression of a low-mass BHXRB. The major components 
of the binary, accretion flow, and outflows are indicated. The inclination and 
relative masses of the binary components are based on estimates for the 
system GX 339-4, a key source in our understanding of black hole accretion 
and the source of the data presented in Fig. 2. [Image produced with BinSim 
by Rob Hynes] 


It is by now well established that BHXRBs below 
~1% of their Eddington luminosity are always in a 
hard x-ray state, and so the first, rising phase of an 
outburst takes place in this state. In the hard state, 
the x-ray spectrum is characterized by a spectral 
component that peaks in power at ~100 keV, prob- 
ably as a result of inverse Compton scattering of 
lower-energy seed photons in a hot corona close to 
the black hole. The exact geometry of this corona 
is not clear but may correspond to a vertically ex- 
tended but optically thin flow. This state shows 
strong and rapid variability in x-rays, with up to 50% 
variability on time scales between 10 ms and 100 s. 

In the brightest hard states, a more blackbody- 
like spectral component can also be seen in very 
soft (<1 keV) x-rays and—sometimes—the ultravi- 
olet, probably corresponding to a geometrically 
thin, optically thick accretion disc (the converse of 
the hot coronal component, and a good candidate 
to be the origin of the soft photons that are inverse 
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Compton scattered by the corona). X-ray spec- 
troscopy also often reveals strong iron emission 
lines (which can be fluorescence lines from neutral 
or ionized iron) in this phase. This iron line can 
often be fit by a relativistically broadened model, 
implying an origin very close to the black hole, and 
can in tum be used to estimate the spin of the black 
hole. This is because of the innermost stable cir- 
cular orbit (ISCO): Within this radius, matter can 
no longer follow a circular orbit and will cross the 
black hole event horizon on very short time scales 
(milliseconds for a black hole of a few solar masses). 
The size of the ISCO depends on the spin of the 
black hole, ranging from 6 Rg (10) 
for a nonrotating (Schwarzschild) 
black hole to 1 Rg for a maximally 
rotating (maximal Kerr) black hole. 
Accurate measurements of the de- 
gree of gravitational redshift affect- 
ing the line can be used to infer how 
close the line is to the black hole, and 
from this the spin of the black hole 
itself, although both observation and 
modeling are complex. During the 
hard state, characteristic time scales of 
variability, called quasi-periodic oscilla- 
tions (QPOs), are also seen to decrease, 
which may correspond to changing 
viscosity or decreasing characteristic 
radii in an evolving accretion disc. 

In this state, sources are always ob- 
served to also show relatively steady 
radio emission at gigahertz radio fre- 
quencies (//). This radio emission 
(Lg) correlates in strength with the 
x-ray emission (Lx) in a nonlinear 
way: Ly & Lp”, where 0.6 <b <0.7. 
In recent years, it has become appar- 
ent that a less radio-loud branch also 
exists in the hard state, which may have 
a steeper correlation (/2), and yet 
which to date has revealed no other 
difference with the more radio-loud 
majority. The flat-spectrum synchrotron emission 
from the jet also appears to extend to the near- 
infrared (~2 um) band. 

The hard-to-soft spectral transition (B — 
C — D). At luminosities in the range of 10 to 
50% of the Eddington luminosity, the x-ray spec- 
tra of BHXRBs in outburst begin to change (/3). 
The hard x-ray component steepens and drops in 
luminosity as the blackbody-like component at- 
tributed to the accretion disc brightens and comes 
to dominate, resulting in a softening of the x-ray 
spectrum. Even more striking than the spectral evo- 
lution is the change in the x-ray variability prop- 
erties of the BHXRB. The characteristic frequencies 
of variability continue to nse during the initial 
phases of the state transition, but at a certain point, 
much of the broadband noise drops away to be 
replaced by a single QPO, indicating strong oscil- 
lations in a relatively narrow range of frequencies 
(a few hertz). 


star 
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During this phase, the behavior of 
the jet, revealed by infrared and radio 
observations, also begins to change. 
The infrared emission drops almost 
as soon as the state transition begins 
(14), indicating a change in the jet 
properties (density and magnetic field) 
close to the black hole. 

The radio emission begins to vary 
more dramatically, showing oscilla- 
tions and flare events superposed on 
an overall decline (8, 75). At a cer- 
tain point, there are one or more large 
radio flares, which can be two or more 
orders of magnitude more luminous 
than the previous existing, steadier jet 
in the hard state. In several notable 
cases, high-resolution radio observa- 
tions after such flares have directly 
resolved radio- or even x-ray—emitting 
blobs moving away from the central 


X-ray luminosity __-____»_ 


SOFT 


X-ray spectrum 


HARD 


hard transition, although also show- 
ing a range of luminosities at which it 
can occur (even in the same source), 
generally occurs at a luminosity of a 
few percent of the Eddington lumi- 
nosity (24). In fact, the soft state has 
never been convincingly observed 
in any BHXRB at luminosities be- 
low 1% Eddington. By the time the 
source reaches the canonical hard 
state again, with almost exactly the 
same spectral and timing character- 
istics as the initial hard state, the jet 
has reappeared, and the accretion 
disc wind is gone. Once in the hard 
state, the source decline continues, 
typically below the detection levels 
of all-sky or regular x-ray monitoring, 
and are observed only occasionally 
until their next outburst. These quiet 
phases are not without interest, how- 


black hole (6, 17), which can be 
kinematically traced back to the time 
of the state transition. It has been re- 
cently shown that in some cases, the 
ejection is coincident in time with the 
appearance of the strong QPOs (/5). 

The soft state (D — E). As the 
spectral transition continues, these 
strong QPOs disappear, and the over- 
all level of x-ray variability drops as 


ever, for it is during these periods 
that—without the glare of the bright 
accretion disc—researchers are able 
to accurately measure the orbital mo- 
tions of the companion star using 
optical telescopes and hence esti- 
mate the mass of the black hole it- 
self (25, 26). 

These cycles of activity reveal 
clear changes in the way that an ac- 


the soft state is entered. The radio 
emission also fades away in most 
cases, probably indicating a cessa- 
tion of core jet activity (18, 19). 

The x-ray spectrum is now dom- 
inated by the accretion disc compo- 
nent, although there is a weak (a few 
percent of the total luminosity) high- 
energy tail (probably of nonthermal 
origin) to the spectrum that extends 
to megaelectron volt energies. The 
soft state is generally the longest last- 
ing phase of an outburst, often per- 
sisting for a weeks at a more or less 
constant luminosity before beginning a slow de- 
cline. This marks the point at which the accretion 
rate onto the central accretor starts to drop. In the 
hardness-luminosity diagram (HLD) the source still 
makes some rapid changes in x-ray color, includ- 
ing occasional rapid excursions to hard x-ray states 
(20) that can be associated with brief reactivation 
of the jet as observed in the radio band (/9). Dur- 
ing the luminosity decline in the soft state, mea- 
surements of the luminosity (Z) and temperature 
(7) of the accretion disc component follow a rela- 
tion close to L << T4, as expected for a blackbody 
of constantly emitting area. This is interpreted as 
indicating that the accretion disc has a constant 
radius and structure, which may correspond to 
the ISCO and hence can be used—as with the iron 
emission line in bright hard states—to estimate 
the black hole’s spin (2/). 


Fig. 2. (Top) The HID. The horizontal axis represents the “hardness” or color of the 
x-ray emission from the system, which is a crude but effective measure of the x-ray 
spectrum. The vertical axis represents the x-ray luminosity. By analogy with the 
Hertzsprung-Russell diagram, in which the lifetime of a star can be tracked, in the 
HID the evolution of a black hole outburst can be tracked. Each point corresponds to 
a single observation. Observations on the right hand side of the HID are considered 
to be in “hard” x-ray states, and those on the left are in “soft” states. Although the 
detailed patterns of individual outbursts (including in some cases multiple outbursts 
from the same source) differ, one of the major steps of the past decade was the 
realization that the overall picture outlined below turns out to be applicable to 
essentially all BHXRB outbursts. (Bottom) Illustrations of likely geometries in the 
soft, intermediate/radio flaring, and hard states (from left to right). 


The latest development in understanding the 
overall geometry and energy budget of the differ- 
ent states has been the realization that these soft 
states also ubiquitously produce a strong accretion 
disc wind that is focused in the plane of the accre- 
tion disc and may carry away a large amount of 
mass from the accretion flow (22, 23). Previously, 
kinetic outflow was only well established in the 
hard state, which shows the strong radio jet, but 
we now know that both states have outflows, 
albeit of rather different natures. 

The return to the hard state and quiescence 
(E — F). Eventually, as the central mass accre- 
tion rate continues to fall the BHXRB makes a 
transition back from the soft to the hard state. In 
nearly all cases, this soft — hard transition oc- 
curs at a lower luminosity than that of the earlier 
hard — soft transition. Furthermore, the soft > 


creting black hole responds to an in- 
crease in accretion rate, varying the 
form and degree of both the radiative 
and kinetic (jets and winds) outputs 
from the liberated gravitational poten- 
tial energy. These patterns have been 
observed more than 30 times with 
very few exceptions, and no system 
that strongly contradicts the estab- 
lished empirical pattern of behavior 
has ever been observed. These studies 
provide us with hope of being able 
to estimate the radiative and kinetic 
output at any given phase of, and 
cumulatively for, the outburst of a BHXRB. We 
may then use that to understand how such feed- 
back affects the local ambient media, energizing 
and accelerating particles and seeding magnetic 
field. We can seek to calculate how the cumulative 
loss of angular momentum in winds and jets may 
affect the evolution of the binaries. If we can truly 
tie properties of the accretion flow to the black hole 
spin, we may learn about the evolution of black 
holes and understand how and when to make 
observations to test GR in the strong field limit. 

The importance of these results would be even 
greater if it could be demonstrated that they also 
shed light on accretion and feedback in the most 
massive black holes, those in active galactic nu- 
clei (AGNs), which may have helped to stall cool- 
ing flows in galaxy clusters, shaping the growth of 
galaxies—still one of the biggest problems in 
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extragalactic astrophysics (27). There are sugges- 
tions that this may well in fact be the case. Com- 
parison of x-ray, optical, and radio surveys of 
AGNs may show similar patterns of coupling be- 
tween accretion and jets (28). More quantitative- 
ly, although not without its sceptics, it has been 
shown that all accreting black holes follow an 
empirical relation between their mass and x-ray 
and radio luminosities (29, 30). 


Ultra Luminous X-ray Sources 


Modern x-ray observatories are easily capable of 
detecting the brightest x-ray sources in external gal- 
axies. Of these, we often observe a high luminosity 
tail of the population at or above the Eddington 
limit for a stellar-mass black hole. If these ULXs 
contain stellar-mass black holes, then in order not 
to violate the Eddington limit their emission must be 
highly nonisotropic (beamed), or the most luminous 
examples must contain a black hole of much higher 
mass, 100 to 1000 times the mass of the Sun. A third 
option is that these objects do indeed emit well 
above the Eddington limit, which naturally would 
pose theoretical problems. It is most probable that 
the observed sample is not homogeneous and in- 
stead composed of more than one class (3/). For the 
few most luminous, called hyper-luminous x-ray 
sources (HLXs), the interpretation in terms of a 
stellar-mass black hole appear to be difficult to re- 
concile with the observations. The most luminous 
HLX, in the galaxy ESO 243-49 (32), emits a factor 
of 1000 higher than the Eddington limit and shows 
discrete radio flaring events (33), leaving the op- 
tion of a 10* Mz black hole emitting close to the 
Eddington limit as the most probable. For fainter 
ULXs, the discussion is still open. 

A number of ULXs are associated with emission- 
line nebulae. Because these nebulae are ionized by 
the radiation from the ULX, they can be used as a 
bolometer to estimate its total luminosity (34). From 
such studies, it emerges that their radiation is at 
most mildly beamed. Other observational evidence, 
such as observations of super-Eddington episodes 
from sources in the Milky Way and the discovery 
of a population of ULX associated with star-forming 
regions, have led to the suggestion that ULXs are 
a phase of the evolution of high-mass x-ray bi- 
naries. In the absence of a direct mass measurement 
for the compact object such as those obtained from 
optical observations of galactic systems, which are 
difficult to obtain with current optical telescopes, 
much of the observational effort is aimed at find- 
ing features that can be scaled to BHXRBs in our 
own galaxy. Different states and state transitions 
have been reported for several ULXs (35). 

The measurement of accretion disk parameters 
(36) are one way to obtain an indication of the mass 
of the object through the inner radius of the ac- 
cretion disk, which, if located at the ISCO, scales 
linearly with the mass of the black hole. The de- 
tails of the spectral model are very complex, but 
very large differences can be trusted. On the side 
of time variability, QPOs have been detected in a 


few cases, most notably of the bright system X-1 in 
the galaxy M 82. In order to scale the observed 
frequencies (in the 10 mHz range) to those from 
bona fide stellar-mass objects, other parameters 
must be determined, such as the type of QPO and 
the association to spectral features, all of which 
makes this method still inconclusive. 

The amount of observational data on ULXs 
and HLXs is still much less rich than that of 
stellar-mass systems, and extensive observational 
campaigns are needed in order to reach a better 
understanding of these objects and their nature. 


Conclusions and Open Issues 


Observational perspective. The revolution in our 
understanding of black hole accretion that has taken 
place over the past decade has been due in large 
part to the extremely good coverage of black hole 
binary outbursts by x-ray observatories. We single 
out the Rossi X-Ray Timing Explorer (RXTE), 
whose flexible scheduling and high time-resolution 
data led to the model presented in Fig. 2. What was 
clearly missing were comparably high-cadence ra- 
dio and infrared observations to track the jet as well 
as the accretion flow. RXTE was decommissioned 
in January 2012, just at the time when new radio 
arrays—with improved sensitivities and fields of view 
and whose key science goals embraced the astro- 
physics of variable and transient sources—were 
being constructed or commissioned. In the coming 
decade, the Square Kilometer Array precursors 
MeerKAT and Australian Square Kilometre Ar- 
ray Pathfinder (ASKAP) will provide orders-of- 
magnitude more radio coverage than previously 
has been possible (37), but RXTE will not be there 
to provide the x-ray data, nor is there a clear, pub- 
licly orientated replacement in the works. It can 
only be hoped that a new mission, with com- 
parable timing and all-sky monitoring capabilities, 
will be available in the coming decade to work 
with these new radio arrays. 

Key unanswered questions. The study of black 
hole accretion allows us to probe both the details of 
GR in the strong field regime (38) and to under- 
stand the role of black holes in the conversion of 
gravitational potential energy into kinetic energy 
and radiation. This feedback of energy from these 
cosmic batteries is important on all scales: from 
heating the local interstellar medium in our own 
galaxy, to affecting the growth of the largest gal- 
axies and the heating of cooling flows in the centres 
of galaxy clusters. To this end, understanding in 
more detail the relativistic jet—how it forms, and 
how much power it carries—is a key question. It 
has long been suggested that relativistic jets could 
be powered not by the accretion flow but by the 
spin of the black hole (which can contain a vast 
amount of energy). X-ray spectral observations can 
allow us to estimate the black hole spin, and we 
may compare this with estimates of the jet power. 
It is currently unclear where this leads us: One 
study (39) found no correlation between jet power 
and reported spin measurements, whereas a sub- 
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sequent study (40) has reported a correlation be- 
tween transient jets and spin measurements derived 
from accretion disc modeling in the soft state. A 
key source in this story turns out to be, once again, 
Cygnus X-1: Recently, both disc and iron line 
modeling have converged on a very high spin for 
the black hole in this system (4/, 42), which is also 
nearby with a very accurately measured distance 
(43) and has a well-studied and powerful jet (44), 
although as yet no major ejection events. 

A long standing question for black hole accre- 
tion that remains unanswered is how much of the 
accreting matter and gravitational potential ener- 
gy actually crosses an event horizon. Models in 
which liberated potential energy may be trapped 
in the flow and unable to escape before it crosses 
the event horizon appear to be able to explain why 
some black holes are so faint when in quiescence 
(45), although it turns out that such systems are 
also almost universally associated with a powerful 
jet, which could be an alternative sink for “missing” 
radiative output (46). The accretion disc wind in 
soft states also throws up some interesting questions. 
Is the wind responsible for halting the jet during 
the state transition, or are they both symptoms of 
something deeper? Does the existence of kinetic 
outflow in both soft and hard states demonstrate 
that such outflows, carrying away mass, energy, and 
angular momentum, are a necessary component for 
accretion? These jets should be considered in the 
broader context of accreting objects, such as young 
stellar objects, cataclysmic variables, gamma ray 
bursts (GRBs), unusual supernovae and—most 
closely related—neutron star XRBs, all of which 
also show jets and winds. Of these, we might 
hope that in the future we can link long-duration 
GRBs—which may correspond to a short phase of 
accretion at very high rates onto a newly created 
black hole—to the empirical models presented 
here. The current hot topic of possible tidal dis- 
ruption events and their consequent rapid-change 
burst of accretion onto a supermassive black 
hole, with associated jet formation (47, 48), may 
also be possible to integrate into this broader 
model. Much remains to be done. 
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REVIEW 


The Formation and Evolution 
of Massive Black Holes 


M. Volonteri?? 


The past 10 years have witnessed a change of perspective in the way astrophysicists think about massive black 
holes (MBHs), which are now considered to have a major role in the evolution of galaxies. This appreciation 
was driven by the realization that black holes of millions of solar masses and above reside in the center of 
most galaxies, including the Milky Way. MBHs also powered active galactic nuclei known to exist just a few 
hundred million years after the Big Bang. Here, | summarize the current ideas on the evolution of MBHs through 
cosmic history, from their formation about 13 billion years ago to their growth within their host galaxies. 


hen astronomers refer to black holes, 

two different flavors exist. We know of 

stellar black holes, with masses up to a 
few tens times the mass of our Sun (Mo) (/), and 
massive black holes (MBHs), with masses up to 
billions of times that of the Sun, which are the focus 
of this Review. Most of the best-studied MBHs 
have masses in the range of tens of millions to a few 
billion Mo (2, 3). The MBH population may ex- 
tend down to smaller masses, though this range is 
much harder to probe. The record for the smallest 
MBH currently belongs to the dwarf galaxy NGC 
4395, which is thought to contain a black hole weigh- 
ing only few hundred thousand Mo (4). Observa- 
tionally, there seems to be a gap between the two 
types of black holes, which scientists take as a hint 
that there are native differences between stellar black 
holes and MBHs. In brief; stellar black holes are 
scattered in large numbers throughout galaxies, 
whereas MBHs tend to be located at the center of 
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their host galaxies, and typically only one hole is 
observed per galaxy (5). We know how stellar black 
holes form: They are the remnants of massive stars, 
roughly 10 Mz and above (6). Yet, how MBHs form 
and evolve inside galaxies is one of the most fas- 
cinating mysteries in modem astrophysics and one 
that astrophysicists seek to unravel through theoret- 
ical and observational work. 


How Do Massive Black Holes Form? 


MBHs must have formed from the same material 
from which galaxies and the rest of the universe is 
composed. Stars and gas represent the baryonic 
content of galaxies, in contrast to nonbaryonic dark 
matter that does not interact electromagnetically, 
but only gravitationally with its environment. In the 
standard picture, the mass content of the universe is 
dominated by cold dark matter, with baryons con- 
tributing up to a 15% level. Starting from small 
density fluctuations in a quasi-homogeneous uni- 
verse, dark matter perturbations grew under the 
effect of gravity to the point that they disconnected 
from the global expansion of the universe, became 
self-gravitating, and formed halos within which gas 


eventually condensed to form stars and the luminous 
portion of galaxies. The first halos and galaxies that 
form are small, no more than about | million times 
the mass of our Sun, and present-day galaxies, of up 
to hundreds of billions of M5, have been assem- 
bled, bottom-up, from these smaller building blocks. 
The first MBHs must have formed from within 
these first proto-galaxies and then grown with them. 
One of the most popular theoretical scenarios 
(Fig. 1) associates the first MBHs with the rem- 
nants of the first generation of stars (7), formed out 
of pristine gas, which did not contain heavy ele- 
ments yet (8). Simulations of the formation of stars 
in proto-galaxies (9) suggested that the first genera- 
tion of stars might have contained many stars with 
masses above a few hundred Mo. This is because 
of the slow subsonic contraction of the gas cloud— 
a regime set up by the main gas coolant, molecular 
hydrogen, which is much more inefficient than the 
atomic line and dust cooling that takes over when 
heavy elements are present. If stars more massive 
than roughly 250 Mz form, no process can produce 
enough energy to reverse the collapse. Thus, a MBH 
of ~100 Mg is born. Whether most of the first stars 
were born with such large masses is still an open 
question, and recent simulations revise the initial 
estimates of the stellar masses to possibly much 
lower values, just a few tens of solar masses (/0). If 
this is the case, it is unlikely that the first stars have 
generated the first MBHs. A 10 Mo black hole would 
have a very hard time growing by several billion 
Mo to explain the observed population of MBHs. 
MBHs with substantial initial masses, thousands 
to millions of Mo, can form as a consequence of dy- 
namical instabilities that involve either the gaseous 
or stellar content of proto-galaxies. In proto-galaxies, 
the gaseous component can cool and contract until 
rotational support takes over: Centrifugal sup- 
port typically halts collapse before densities required 
for MBH formation are reached. Gravitational 
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instabilities, however, can reverse the situation and 
transport mass in at the expense of rotational sup- 
port. When this occurs, there are two possible out- 
comes, depending on the strength of instabilities. 

In globally unstable galactic disks, a MBH seed 
may form when gas instabilities drive a very rapid 
accumulation of gas to create a supermassive star, 
of up to 1 million Me (//, 12). To avoid the star ex- 
ploding as a supernova, gas accumulation must oc- 
cur in less than ~2 million years (the thermonuclear 
time scale). After exhausting its hydrogen, the core 
of a supermassive star will contract. As a result of 
core collapse, a black hole ofa few tens of Mj forms 
at the heart of the dying star, which is still being 
bombarded by infalling gas. The resulting system (a 
“quasi-star’’) is composed of a black hole that grows 
by eating its surrounding cocoon from the inside, 


Gas cools 
very slowly 
forming a 
stable disc 


Globally 


on unstable gas 


infalls rapidly 
toward the 
galaxy center 
anda 
supermassive 
star forms 


Locally 
unstable 

gas flows 
toward the 
galaxy center 


Fig. 1. Illustration showing three pathways to MBH formation that can occur in a distant galaxy (56). The starting 
point is a primeval galaxy, composed of a dark matter halo and a central condensation of gas. Most of this gas will 
eventually form stars and contribute to making galaxies as we know them. However, part of this gas has also gone into 


increases. In today’s universe, a very massive star 
would lose most of its mass in powerful winds be- 
fore collapsing into a stellar mass black hole. This 
channel of MBH formation naturally predicts 
that MBHs formed only in the early universe. 
These alternatives are not mutually exclusive, 
and we currently have no direct observation that can 
probe specific MBH formation scenarios (18, 19). 
The first MBHs in the early universe have modest 
masses and luminosities, and they cannot be de- 
tected with current telescopes, although they would 
be primary targets for gravitational wave instruments 
operating at millihertz frequencies. The initial condi- 
tions are mostly erased in today’s MBH population, 
although clues to the seeds’ properties may be found 
in the lowest-mass MBHs, which may be the most 
pristine objects due to their limited growth. 
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powering it has a mass of 2 billion M.. This quasar 
is not an absolute rarity; in fact, the known sample 
of 12 billion-year-old quasars comprises several 
tens of objects with similar luminosities and masses 
(22). Thus, the golden era of 1 billion 14, MBHs 
occurred early on, whereas today the dominant ac- 
tive MBHs have masses of about 10 million Mo 
(23). This concept may seem disconcerting in the 
context of bottom-up galaxy formation; however, 
it is just a manifestation of cosmic downsizing. Gal- 
axies built in halos forming on the highest peaks of 
the cosmic density field experience an accelerated 
evolution (higher merger rates, faster gas consump- 
tion), and their central black holes would share the 
same fate. Large-scale and deep surveys (e.g., Sloan 
Digital Sky Survey, the United Kingdom Infrared 
Telescope Infrared Deep Sky Survey, and Canada- 


First stars: 
maybe one 
star per 
galaxy, up 
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hundred times 
larger than 
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France High-z Quasar Survey) in the 
near-infrared part of the spectrum, which 
is best suited to capture light redshifted 
by the expansion of the universe, are 
key to our progress in quasar research. 
Observations of cold molecular gas at 
submillimeter wavelengths are instead 
driving studies of the galaxies that host 
these quasars (24) to understand how 
the cold gas feeds star formation in the 
galaxy and accretion onto the MBHs. 

The exquisite observations that are 
driving progress on understanding the 
first growth spurt of MBHs must be 
matched by theoretical work. The rapid 
growth of MBHs powering the quasars 
observed in the early universe has tan- 
talized astrophysicists over the past few 
years. One can estimate the maximum 
growth of MBHs compatible with the 
existence of a critical luminosity, the 


making a MBH, probably following one of these routes. 


until the black hole accretion luminosity exceeds 
what the cocoon can withstand. The quasi-star dis- 
solves, and a black hole with mass up to 10% of the 
mass of the quasi-star is left in the center of the gal- 
axy, ready to begin its life as a MBH seed (/3, 14). 

In locally unstable galaxies (/5), stellar dy- 
namical instabilities can lead to MBH formation, 
as long as the gas is only mildly polluted by heavy 
elements (/6, 17). Stars start to form in the central 
region, creating a dense stellar cluster. Clusters 
formed in this way are crowded places. Star-star 
collisions in their core can produce a very mas- 
sive star of up to a few thousand Mz before the 
first supernovae explode. When heavy elements 
are still rare, just about when the second genera- 
tion of stars occurs, the final fate of a very mas- 
sive star is to collapse into a black hole with a mass 
similar to that of its progenitor. However, this is 
not the case when the content of heavy elements 


Looking Back in Time: The Most Distant Quasars 


MBHs become visible when they accrete gas direct- 
ly from their surroundings, or, occasionally, when 
they disrupt an unlucky star passing too close by 
(20). The gravitational potential energy of the ac- 
creted mass is converted to radiation, making the 
black hole luminous. Luminous, accreting MBHs 
are generally referred to as active galactic nuclei, and 
the most powerful among them are known as qua- 
sars. Quasars are the most luminous stable sources 
in the whole universe, making them beacons in the 
early stages of galaxy assembly. Some powerful 
quasars have been detected at distances correspond- 
ing to a light-travel time of more than 12 billion 
years, with the record holder, ULAS J1120+0641, 
at 12.9 billion years (2/). Given that the universe is 
13.7 billion years old, this particular quasar existed 
just 800 million years after the Big Bang. From the 
luminosity of this quasar, we can infer that the MBH 


Eddington luminosity, which is often 
considered the upper limit to the ra- 
diative output of a source. Above the 
Eddington limit, radiation pressure over- 
comes gravity, and gas is pushed away, 
thus halting the flow that feeds the black 
hole. The constraints require that ULAS J1120+0641 
must have accreted sufficient mass to shine at the 
Eddington limit for its entire lifetime, or at least more 
than half of its life. This is not easy to accomplish 
because (i) the MBH’s host galaxy must feed the hole 
continuously, at the exact maximum rate allowed, and 
(ii) feedback effects from stars and the quasar itself 
are likely to disrupt the flow of gas, causing intermit- 
tent growth episodes, rather than the smooth, contin- 
uous evolution required. Recent simulations suggest 
that galaxies sitting on the rarest and highest peaks 
of the cosmic density field may not be affected by 
feedback (25). These simulations, however, resolve 
only scales of thousands of light-years, at least three 
orders of magnitude larger than the region where ac- 
cretion takes place. Simulations and studies that focus 
on the detailed physics of feedback near the MBH 
find instead that the MBH feedback strongly affects 
the gas supply, making it intermittent (Fig. 2) [(26, 27), 
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see also (28) for recent observations]. 
Given the different techniques and as- 
sumptions that necessarily go into 
the two kinds of simulations, it is hard 
to distill a coherent picture. We know, 
however, that at least some MBHs 
must be able to grow. We just have 
to learn how to model them. 

One possibility is that the first 
MBHs grew at rates beyond those sug- 
gested by the Eddington limit (29). 
When the supply is super-Eddington, 
the excess radiation may be trapped by 
the gas itself. The emergent luminos- 
ity is roughly the Eddington value, but 
the growth rate is much higher. Super- 
Eddington models were abandoned 
in the early 1980s (30), following 
the finding that today’s MBH popu- 
lation can be best explained with relatively modest 
accretions rates. Now, 30 years later, the discovery 
of quasars at larger and larger distances, powered 
by huge MBHs, revives the possibility that at least 
part of the growth of MBHs occurs at super- 
Eddington rates. It is now high time to revive studies 
of the stability of super-Eddington flows [see (37) for 
two-dimensional simulations] and address the long- 
standing question of how much gas is actually ac- 
creted by the MBH and how much is instead ejected 
in winds and jets. An intriguing possibility is that at 
large accretion rates the intermittent production of 
collimated jets may decrease the effects of feed- 
back, depositing kinetic energy at large distances 
and leaving the host unscathed. 


MBHs and Galaxies: A Symbiotic Growth? 


Observations indicate that MBHs ordinarily dwell at 
the centers of today’s galaxies. Scaling relations have 
been identified between MBHs and many large- 
scale properties of the host galaxies that point to a 
joint galaxy and MBH cosmic evolution. In general, 
we can think of MBHs as weighing about 1/1000 of 
the host galaxy bulge (32). As a word of caution, the 
sample over which these correlations have been 
discovered or tested comprises ~65 galaxies, and 
most of the MBHs occupy the mass range of 10’ to 
10° Mo, with the few MBHs below or above this 
range showing departures from at least some of the 
correlations, or at least increased scatter (33, 34). It 
is likely that these outliers hold the key to under- 
standing the intimate link between MBHs and gal- 
axies. For instance, we expect that the evolution of 
MBHs at the high-end of the mass spectrum included 
many more MBH-MBH mergers, thus causing 
changes in the relationship with their hosts. At the 
other end of the mass spectrum, low-mass MBHs 
may not have changed much, leaving their masses 
close to that of the initial seeds (35). Low-mass 
MBHs may not shed light on how the correlation 
is established but may provide important infor- 
mation on how MBHs formed in the first place. 
Analyses of these correlations raised three in- 
terconnected questions that currently lack a definite 
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Fig. 2. Projected density (left) and temperature (right) of the gas in the 
vicinity of an accreting 2.5 x 10* M, black hole in a galaxy 0.375 billion years 
after the Big Bang. The radiation emitted from the active black hole heats and 
expands the dense gas from which the black hole feeds, curbing its subsequent 
growth. One kpc corresponds to 3.26 x 10? light-years. From (26). 


answer from either theory or observations, but that 
represent one of the main thrusts of research in the 
field. The relationship between dark matter, baryonic 
matter, and MBHs holds the key to understanding 
the formation and evolution of MBHs in a cos- 
mological context (36). 

What galaxy property do MBHs really correlate 
with? In the past 10 years a plethora of correlations 
have been proposed, from the classic luminosity, 
mass, and velocity dispersion of the bulge to the 
binding energy of the galaxy, the number of globular 
clusters, and the total mass of the dark matter halo. 
Sparks fly when debating whether MBHs correlate 
only with the bulge component of a galaxy or rather 
with the whole galaxy or even the full dark matter 
halo (37). The correlations between MBHs and bulges 
are tighter, suggesting that the same process that as- 
sembled galaxy bulges is responsible for most of 
the growth of MBHs. The process that is often ad- 
vocated for bulge formation is the merger between 
two similar size galaxies. However, the 
frequency of galaxy mergers is mainly 
driven by the dark matter distribution, 
which also sets the depth of the po- 
tential well of the galaxy and its abil- 
ity to retain gas. The dark matter halo 
may therefore be setting the stage, 
including the effects of cosmic down- 
sizing, with the dynamics of gas and 
stars playing the most direct role in de- 
termining the MBH growth rate (38). 

Is the correlation regulated by the 
galaxy or by the MBH? Supporters of 
the MBH-regulated hypothesis argue 
that MBHs may affect their host gal- 
axies through feedback from active 
galactic nuclei. The radiative and ki- 
netic energy pumped into the host 
galaxy can transfer energy and heat 
to the gas, suppressing star formation 
and thus altering the overall evolution 
of galactic structures. In this picture, 
it is the MBH that regulates the pro- 
cess: When it reaches a limiting mass 


and luminosity, the MBH drives power- 
ful outflows that sweep away the sur- 
rounding gas, thus halting both its own 
growth and star formation in the gal- 
axy. From the original idea (39), refined 
models of feedback have been de- 
veloped (40-42). Many theoretical 
models (43, 44) advocate that strong 
activity and powerful feedback occur 
during galaxy mergers, thus provid- 
ing a link between bulge formation 
and MBH growth. In the alternative 
view, the galaxy-regulated hypothesis, 
the galaxy sets the MBH mass by reg- 
ulating the amount of gas that trickles 
to the MBH. One of the most interest- 
ing results that has recently emerged on 
black hole and galaxy growth is the 
strong link between the global black 
hole growth rate and the cosmic star formation rate 
(45); additionally, it has been discovered that the 
majority of moderate nuclear activity in the universe 
has taken place in normal star-forming galaxies 
undergoing internal evolution rather than in violent 
mergers (46). MBH activity could be generated 
by the same internal dynamical instabilities that 
drive star formation, possibly sustained by gas 
reaching galaxy discs from filaments in the cosmic 
web (47) or by mass loss from existing stars (48). 
Hence, the role of galaxy mergers in shaping the 
growth of bulges and MBHs is still an open ques- 
tion, as is the issue of whether feedback or feeding 
set the link between galaxies and MBHs. 

When is the correlation established? We can en- 
visage three possibilities (Fig. 3) (49): () MBHs may 
have grown in symbiosis with their hosts; (ii) the 
black hole may have dominated the process, with 
the galaxy catching up later; or (iii) the galaxy grew 
first, and the black hole adjusted to its host. The 


Dominance 


Symbiosis 


Adjustment 


Early universe 


Fig. 3. Possible routes to MBH and galaxy coevolution, starting 
from black holes forming in distant galaxies in the early universe. 
[Image credits: NASA, European Space Agency (ESA), A. Aloisi 
(Space Telescope Science Institute and ESA, Baltimore, MD), and 
The Hubble Heritage Team (Space Telescope Science Institute/ 
Association of Universities for Research in Astronomy)] 
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second and third paths require that feedback and 
self-regulation were somehow different at early 
times. The constraints on the relation between black 
hole masses and the properties of their hosts at 
earlier cosmic times seem to provide conflicting re- 
sults [but see (50)]. MBHs in distant active galactic 
nuclei are often found to be “overmassive” at fixed 
galaxy properties compared with at the present time 
(51), suggesting black hole dominance. Other 
studies find that the relationship between MBH 
and total stellar mass in faraway galaxies matches 
the correlation that we observe today between 
MBHs and bulges, suggesting that the key process 
is the redistribution of stars in galaxies (46). Measur- 
ing MBH masses at large distance is fraught with 
difficulties. Measuring bulge or galaxy mass is an 
even harder problem, because the quasar over- 
shines the host galaxy by a large factor. Selection 
effects may impact our interpretation of the results. 
The time scales over which feeding and feedback 
occur are also key factors in disentangling the 
growth of MBHs from that of their hosts. Still, such 
studies are crucial to understanding how MBHs 
coevolved with cosmic structures and whether the 
role of feedback evolved over cosmic time. 
From the theoretical point of view, the sheer 
range of scales that we need to resolve to study 
MBHs jointly with galaxies is frightening. Galaxy 
evolution is driven by the large-scale structure of 
the universe (billions of light-years). On the other 
hand, accretion occurs where MBHs dominate the 
dynamics of gas and stars, on sub-light-year scales. 
A number of idealized simulations of galaxy merg- 
ers or cosmological volumes have begun to inves- 
tigate the evolution of the relationship between 
MBHs and galaxies (36, 43), but no coherent at- 
tempt on a large sample of galaxies, with a focus on 
cosmic environment and self-consistently resolv- 
ing the scales at MBH physics operates, has been 
made. In the coming years, we need to focus on 
understanding the role of mergers, gaseous flows 
from the cosmic web, secular processes, and feed- 
back in growing both galaxies and MBHs over the 
whole Hubble time, while simultaneously remem- 
bering the importance of black hole physics. 


Conclusions and Prospects 


The past 10 years have been an exciting time to 
work on MBHs and their connection to the evolution 
of galaxies. The next few years promise to be even 
more exciting, because the synergy of telescopes at 
different wavelengths will allow us to study quasars, 
active galactic nuclei, and MBHs at unprecedented 
resolution. The Hubble Space Telescope and ground- 
based telescopes in the optical and infrared part of 
the electromagnetic spectrum, as well as Chandra, 
X-ray Multi-Mirror Mission—Newton, Swift, and 
Fermi at higher energies, x-rays, and gamma rays are 
all online and fully working, allowing us to study 
black holes, active galactic nuclei, quasars, and their 
hosts. At radio wavelengths, the Expanded Very 
Large Array and the Atacama Large Millimeter Ar- 
ray will help us disentangle the interplay between 


star formation and MBH feeding, thus unveiling the 
details of the hole-galaxy coevolution. Within the 
next decade, Euclid and the James Webb Space 
Telescope will zoom in on the quasar itself, com- 
plementing large-scale, ground-based surveys and 
providing a comprehensive view of quasars and 
their hosts at the highest redshift. 

On the theoretical side, most of today’s studies 
still consider MBHs as little bulbs that sit in gal- 
axy centers and can go on and off, like lights on a 
Christmas tree. We should ask not only what a black 
hole can do for a galaxy, but also what galaxies 
can do for black holes or, more accurately, what 
galaxies and black holes do for each other. Nu- 
merical simulations of black holes and their envi- 
rons exist that span an enormous range of scales, 
from cosmological volumes to isolated galaxies, 
to accretion discs down to a few Schwarzschild 
radii in black hole merger simulations in general 
relativity (27, 47, 52-54). These simulations, how- 
ever, are not interconnected, and it is crucial that 
theoretical physicists working on black hole phys- 
ics on different scales bring together their varying 
approaches to explore the relevant physical pro- 
cesses and their interplay. 
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Transformation Optics and 
Subwavelength Control of Light 


J. B. Pendry,?* A. Aubry,” D. R. Smith,? S. A. Maier? 


Our intuitive understanding of light has its foundation in the ray approximation and is 
intimately connected with our vision. As far as our eyes are concerned, light behaves like a 
stream of particles. We look inside the wavelength and study the properties of plasmonic structures 
with dimensions of just a few nanometers, where at a tenth or even a hundredth of the wavelength 
of visible light the ray picture fails. We review the concept of transformation optics that 
manipulates electric and magnetic field lines, rather than rays; can provide an equally intuitive 
understanding of subwavelength phenomena; and at the same time can be an exact description 


at the level of Maxwell’s equations. 


he field of optics is not just confined to 
| imaging but extends to communication, 

sensing, cancer treatment, and even weld- 
ing of automobile parts. Manipulation of light is 
vital to exploitation of its potential, but light is 
difficult to control on length scales less than the 
wavelength, where diffraction causes convention- 
al optical components to fail. 
This is the length scale of atoms 
and molecules, living cells, elec- 
trons, computer microchips, and A 
micromechanical devices. Sub- 
wavelength control demands new 
optical materials, and efforts 
have turned to metals such as 
gold and silver, where the plas- 
mon collective excitations of the 
conduction electrons couple to 
light and can compress the cap- 
tured energy into just a few cu- 
bic nanometers. We review the 
latest developments in transfor- 
mation optics applied to plas- 
monic systems whereby Snell’s 
law, the traditional design tool 
of optics, is being replaced by 
transformation optics, a new tool 
that is fully compatible with the 
wave nature of light as described 
by Maxwell’s equations. 

Snell’s law tells how light is refracted by 
transparent media. It gives a picture of light’s 
progress in terms of rays, which can be thought 
of as streams of photons. This simple, intuitive 
picture is a vital component of the design process 


distortion. 
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and explains why the law is still widely used de- 
spite its neglect of reflection at interfaces and 
diffraction by small features. Only Maxwell’s equa- 
tions give a precise description of all the classical 
features of light, but they lack the visual intuition 
provided by the ray picture. Transformation optics 
aims to give a picture equally intuitive to that of 


Fig. 1. (A) Field lines of a uniform electric displacement field. (B) Distortion of space 
as if it were a rubber sheet bends the field line, and the coordinate system records the 


ray optics by using instead the raw elements of 
Maxwell’s equations—the electric and magnetic 
field lines introduced by Faraday—and gives rules 
for how these lines can be manipulated almost at 
will by a suitable choice of material. 

To understand how transformation optics 
works, imagine a uniform electric displacement 
field in free space. The location of the field lines 
is recorded on a system of coordinates (Fig. 1). If 
we postulate that the field lines are fixed to the 
coordinates so that the coordinate system carries 
the field lines with it under a distortion, then we 
can shape the trajectories of the field simply 
by distorting the coordinates. It has long been 
known that writing Maxwell’s equations in a new 
coordinate system does not change the form but 


D 
\ 


/\ 


changes only the values of permittivity and per- 
meability as follows 


el = [det(A)] Ai Ae! 
pl = [det(A)] TAS ASH! 


where € and u are the permittivity and the per- 
meability, respectively, in the original coordinate 
frame and e’ and w’ are the corresponding quan- 
tities in the transformed frame (/, 2). A is given by 
the first derivatives of the coordinate transformation 


i J 
jf _ & 


a Oxi 


The transformed values of €' and w’ ensure that 
Maxwell’s equations are obeyed by the new con- 
figuration of the field lines. 

Transformation optics comes about from 
the realization that the field lines are glued to the 
coordinate system; this insight gives rise to the 
intuitive picture that we seek as a replacement for 
Snell’s law. Any conserved electromagnetic field 
that can be represented by a field line has the 
property of adhesion to the coordinate frame. 
Thus, the Poynting vector also transforms in this 
fashion. The field lines of the Poynting vector 
can, in fact, be thought of as a 
more precise definition of rays 
of light. 

Early applications of transfor- 
mation optics involved adapting 
computer codes from Cartesian to 
cylindrical geometries (3). How- 
ever, with the advent of meta- 
materials, the realization emerged 
that transformation optics could 
be more than simply a computa- 
tional tool and was subsequently 
applied as a means of determin- 
ing the material properties needed 
to reshape the perfect lens (4), 
allowing it to magnify objects (5). 
Detailed reviews can be found 
in (6, 7). 

We note that transformation 
optics can be applied to other 
equations of physics, such as 
the Helmholtz equation, an ap- 
proximation to Maxwell’s equations (8) and to 
acoustics (9). 

Transformation optics can render trivial the 
design of optical structures that would be other- 
wise difficult or seemingly impossible (/0, //). For 
example, transformation optics was used to design 
a cloak of invisibility, whose material properties 
flowed naturally from a relatively simple trans- 
formation (8, 12). The technique is ideally suited 
to the task of steering field lines away from a hidden 
region while leaving them undisturbed in the vicin- 
ity of the observer. We exploit the general appli- 
cability of the technique to treat subwavelength 
fields occurring in plasmonic nanosystems, giving 
us a precise design tool. Although the transforma- 
tion of near-fields is an extremely versatile tool 
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Fig. 2. (A) A mother structure 
comprising a 2D cavity sand- 
wiched between two flat silver 
surfaces. Light is captured from 
a dipole source located inside 
the cavity, and the energy trans- 
ported to infinity. (B) Transfor- 
mation of the left-hand structure 
via an inversion about the cen- 
ter of the dipole gives rise to a 
daughter structure that is finite 
but inherits the same broadband 
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spectrum. (C) The field enhance- 
ment at the surface of two touch- 


ing silver cylinders of equal radii at a frequency 0.7 dsp, where asp is the surface plasmon frequency of an 
isolated cylinder. The blue curve is calculated by using the experimentally measured permittivity; the red 
curve shows the effect of doubling the imaginary part of the permittivity. The incident electric field 


orientation E, is shown by the black arrows. 


applicable for the study of numerous phenomena, 
we focus on the light-harvesting properties of 
nanoparticles to illustrate the techniques. 


Harvesting Light 


If a photon is to have a strong interaction with 
a molecule, its energy must somehow be con- 
centrated into the same dimensions as those of 
the molecule. This harvesting process is well 
known in nature, for example, in the chloro- 
phyll complex through which light is collected 
and delivered to the reaction center to create sug- 
ars from carbon dioxide. We show how to mimic 
nature by exploiting surface plasmons. Ideally, 
the structure should harvest a broad spectrum 
of radiation. 

Raman spectroscopy of rough silver sur- 
faces first revealed the potential for enhanced 
photon-molecule interaction (/3). Raman sig- 
nals can be spectacularly enhanced, sometimes 
by a factor on the order of a million, when the 
interaction takes place at a rough metal surface. 
It is now believed that the enhancement is due 
to the concentration of the electric field at sin- 
gularities in the geometry of the surface. Many 
computer simulations of Maxwell’s equations 
have confirmed this picture (/4—2/). Early work 
showed the importance of geometrical singular- 
ities in producing enhancement (22—24). Physical 
insight has been provided by the hybridization 


model (25). A review of light concentration is 
given in (26). 

We start from a simple configuration that has 
the required broadband harvesting properties, 
at first paying little attention to the geometry be- 
cause we know that the geometry can be changed 
by a transformation, leaving the spectrum unal- 
tered (27-30). Figure 2A shows a waveguide 
comprising a planar cavity between two silver 
surfaces. The system is infinite in directions par- 
allel to the surfaces, and therefore the spectrum 
is continuous and is formed by the hybridization 
of surface plasmons on opposing surfaces. The 
lower band extends from zero up to the surface 
plasmon frequency, and the upper band, from 
the surface plasmon frequency to the bulk plas- 
mon frequency, @,. We shall mainly be concerned 
with the lower band, which is usually much 
broader than the upper band and therefore more 
flexible in its applications. 

A dipole source, such as an excited atom, 
placed in the waveguide now excites surface 
plasmon modes, which transport energy away to 
infinity. Although this is harvesting of a sort, it is 
not particularly useful. To remedy this, we make 
a radical transformation of the geometry. 

First, we assume that the electric fields dom- 
inate so that we neglect retardation and that the 
fields are oriented in the xy plane and are invar- 
iant along the out-of-plane dimension. Because 


the field pattern is effectively two-dimensional (2D), 
we are able to apply the theory of optical confor- 
mal transformations to the geometry (5, 8). The 
conformal transformation ensures that all mate- 
rial properties are maintained as isotropic. Con- 
sider the conformal transformation defined by 


seed 0 


where z = x + iy and the origin is taken to be at 
the center of the dipole. This transformation takes 
planes into cylinders, points at infinity to the new 
origin, and points at the origin to the new infinity. 
A dipole can be represented as two very large 
opposite charges very close together. Under this 
transformation, the new dipole consists of two 
very large charges at infinity, which create a 
uniform electric field at the origin. In other words, 
in the new coordinate system (Fig. 2), the two 
semi-infinite planes become two kissing cylin- 
ders, and excitations are created by a uniform 
electric field such as might be imposed by an 
incident plane wave. Our assumption that the 
electric field dominates is valid provided that the 
cylinder radii are much less than the wavelength 
of light. Another transformation optics—based ap- 
proach is found in (3/). 

Conformal transformations in 2D have the 
property that in-plane components of the permit- 
tivity tensor are unchanged in the new coordinate 
system. This is not true of conformal transfor- 
mations in 3D, although transformation optics 
has nevertheless been successfully applied to 3D 
systems (32). 

The original system is excited by a dipole and 
harvests its energy to infinity, but the transformed 
system is excited by the uniform electric field ofa 
plane wave and the energy harvested is focused 
to the origin. Just as energy never reaches infinity 
in the original, so it never reaches the origin in the 
new system. As the excited waves travel with 
slower and slower group velocity, their energy 
density increases, giving rise to a huge field en- 
hancement (Fig. 2C). Note also the compression 
of the surface plasmon wavelength. In an ideal 
loss-free system, energy density would rise remorse- 
lessly to infinity (the waves are never reflected), 
but in practice losses intervene and eventually 
terminate the increase in energy density for re- 
alistic values of the silver permittivity. Despite 
the presence of loss, very large enhancements are 
seen: A field enhancement of 10 would enhance 
the sensitivity to Raman signals by a factor of 
10'°. As we shall see, loss is not the ultimately 
limiting factor. Nevertheless, in practice, very 
substantial enhancements can be expected for 
singular structures. 


Physical Insight and Hidden Symmetry 


It has long been known that singular structures 
greatly enhance the energy density of radiation, 
and indeed sophisticated computer simulations 
reveal many of the details (/4—2/). So what does 
transformation optics add to the story? 

Take the kissing cylinder configuration shown 
in Fig. 2: Computer simulations variously work 
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either by quantizing the fields on a mesh or by 
making an expansion in many cylindrical har- 
monics. The picture that emerges is a complex 
representation of the fields. Transformation op- 
tics reveals that this complexity is not intrinsic to 
the spectrum but is imposed by the transforma- 
tion from a simple system to a more complex one. 
The kissing cylinders have little intrinsic sym- 
metry: just an axis of rotation and a couple of 
mirror planes. However, the original planar wave- 
guide has translational symmetry that enables us 
to classify all eigenstates by a Bloch wave vec- 
tor, k. Although this symmetry is hidden by the 
transformation, it continues as a good quantum 
number for the eigenstates of the new system, 
offering valuable insight into their nature (27). 

In computational studies, each new structure 
requires computation to begin again. In transfor- 
mation optics, our “mother” structure is related 
to an infinity of “daughter” structures, giving us 
the ability to classify a whole category of struc- 
tures as belonging to the same family. In general, 
mother structures that are infinite, as is the case in 
Fig. 2, give rise to continuous spectra. Transfor- 
mations to finite structures give rise to singu- 
larities because infinity is mapped into something 
that is finite. In Fig. 3, left, we show a series of 
singular structures obtained by transforming planar 
waveguides, and therefore all of them have con- 
tinuous spectra and show large field enhance- 
ments in the vicinity of the singularities. 

On the other hand, starting from a finite pla- 
nar structure means that the spectrum is discrete, 
as is the case for all nonsingular finite structures. 
The transformed structures of Fig. 3, right, derive 
from planar mother structures that are finite; 


Infinite planar structure 
continuous spectrum 


@ 


Singular structures 


Fig. 3. A single mother structure, such as the planar waveguide 
shown in Fig. 2, can be transformed into an infinite variety of daughter 
structures; that is, they all have identical spectra. If the mother planar 
structure is infinite, the spectrum is continuous and the daughter 
structures are singular, that is, possessed of sharp features; if finite, 
the spectrum is discrete and the daughter structures nonsingular, 


that is, no sharp features. 
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Y y 


OO 
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in consequence they inherit the discrete spectra, 
and their geometry is free of the singularities 
that would be essential were the spectra to be 
continuous. 

The various transformations used to generate 
these structures can be seen in (33-35). 


Radiative Corrections 


So far we have assumed a very small system and 
neglected radiative corrections. However, radi- 
ative scattering increasingly competes with the 
harvesting process as system size increases and 
ultimately limits how large a system can be and 
still have useful harvesting capability. 

Radiation is a loss mechanism and can be 
approximated by introducing an absorbing me- 
dium outside a large cylinder that encases the 
whole system (Fig. 4B) (36). If only dipole ra- 
diation is appreciable, then this approximation 
is exact. Applying transform optics in reverse takes 
the large hollow cylinder into a small cylinder 
containing the absorbing material (Fig. 4A). As it 
happens for all systems for which harvesting is 
substantial, dipole radiation dominates and this is 
a very accurate approximation. Figure 4C shows 
the reduction in enhancement resulting from ra- 
diative corrections calculated by using the dipole 
absorber approximation and by direct computer 
simulation. Radiative corrections degrade this 
harvester’s performance. For systems of 200-nm 
dimensions and larger, most of the incident ra- 
diation is scattered rather than harvested. 


Nonlocal Corrections 


We have seen how radiative corrections spoil the 
harvesting process for large systems. However, 
there is a limit to how small we 
can make our system and still 
have it function efficiently. Quite 
apart from difficulties of con- 
structing nanoscale systems, non- 
local effects become substantial 
for systems smaller than a few 
nanometers in diameter (37-39). 

Nonlocality arises because 
of quantum effects in the metal’s 
conduction electrons. If we ap- 
ply an electric field to a metal 
surface, electrons migrate to the 
surface and screen the interior of 
the metal from the field. Because 
the electrons are not infinitely 
compressible, the screening elec- 
trons are not located precisely at 
the surface but are distributed in 
a layer whose thickness is of the 
order of the Fermi Thomas screen- 
ing length, or about 0.1 nm in a 
typical metal. 

The local approximation 
amounts to assuming that the 
screening electrons are confined 
to an infinitely thin surface layer. 
This is a good approximation un- 
less the system dimensions are 


REVIEW 


very small indeed; unfortunately, that is the case 
for harvesting systems where the enhanced fields 
are found for surfaces that approach very closely. 
As a result, nonlocal effects ultimately limit the 
enhancement. Technically, the charge distribution 
inside a metal is represented by the longitudinal 
modes: the bulk plasmons. For most purposes in 
optics, bulk plasmons play no role: Their fre- 
quency is assumed independent of wave vector, 
q, and they cannot be excited by external radiation. 
But for small systems, their dispersion, @)(q), 
becomes appreciable and has to be taken into 
account. If @ > @p(¢ = 0), bulk plasmons have 
finite group velocity and carry energy away from 
the surface into the bulk. If@ < @,)(q = 0), bulk 
plasmon modes decay as exp(—6z), the exponent 
5 defining a decay length representing the finite 
size of the nonlocal surface charge. In contrast, the 
transverse modes for @ < @p)(g = 0) represent 


| 
Dipole | 


| 
| absorber 


—2000 


Fig. 4. (A) A small lossy dielectric sphere trans- 
forms into (B) a large hollow dielectric absorber. 
In this way, radiation losses can be taken into ac- 
count. (C) Field enhancement as a function of an- 
gle around the cylinder. Blue line, no radiative 
correction; red line, dipole absorber correction; 
and green line, computer simulation including 
retardation. 
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Fig. 5. (A) (Left) Nonlocality smears the screening charge so 
that in effect the surfaces no longer touch, and therefore field 
enhancement is reduced. (Right) Transformation optics distorts 
the length scales in the transformed system, and as a result the 
smearing of the surface charge varies with position. (B) The 
absorption cross section for cylindrical dimers of radius 10 nm 
for various values of the nonlocal decay length, 5-1. Full lines 
show the transformation optics result; dots are computed by 
using comsol. The gray line shows the local result for the dimers; 
the black line, the local results for a single cylinder; and the 
dashed line, the nonlocal results for a single cylinder. (C) Ab- 
solute value of the field enhancement at the touching point for 
cylinders of various radii (R). 


Transformation optics has been 
generalized to deal with these non- 
local effects (40). Figure 5 shows 
the theory applied to a system of 
two touching silver nanocylinders. 
Figure 5B shows calculated cross 
sections for differing degrees of non- 
locality, the green curve for 5! = 
0.16 nm being the appropriate value 
for silver. Evidently in the nonlocal 
system, the continuous spectrum is 
replaced by a series of discrete lev- 
els. This comes about because sur- 
face plasmons are no longer prevented 
from reaching the touching point, 
and, when they meet, their phases 
must match, imposing quantization. 
The effect grows more evident with 
increasing nonlocality. In Fig. 5C, 
we show the enhancement at the 
touching point as a function of fre- 
quency and cylinder radius. As dis- 
cussed, large cylinders show poor 
enhancement because of competi- 
tion from radiative losses. Small cyl- 
inders show a pronounced blue shift 
and reduced enhancement. The op- 
timum choice of radius seems to be 
in the range 35 nm < R < 80 nm. 


Conclusions 


Our aim has been to showcase the 
most recent application of trans- 
formation optics, to the design of 
massively subwavelength systems, 
with particular examples chosen from 
plasmonic devices designed to con- 
centrate light. Transformation op- 
tics has now found applications to 
many fields: initially to adaptation 
of computer programs to varying ge- 
ometries; then to negative refraction 
devices and perfect lenses, enormous- 
ly expanding the potential applica- 
tions; to the problem of invisibility; 
and now to subwavelength structures. 

The key ingredients of trans- 
formation optics are the electric and 
magnetic field lines. These replace 
the rays of light that appear in the 
approximations of Snell’s law and 
ray optics but retain the visual in- 
sight while fully satisfying Maxwell’s 
equations. Indeed physical insight 
is the key benefit of this approach to 


the decay of the fields into the bulk. Ultimately —_ electromagnetism. Our expectation is that trans- 
for very small particles, the dielectric description formation optics will be the design tool of choice 
breaks down entirely as the electron levels are in electromagnetic theory. 


quantized, and electron tunneling between com- 
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Cartwheel Architecture 
of Trichonympha Basal Body 


Paul Guichard,? Ambroise Desfosses,* Aditi Maheshwari,” Virginie Hachet,” Carsten Dietrich,* 
Andreas Brune,’ Takashi Ishikawa,> Carsten Sachse,” Pierre Gonczy?* 


entrioles and basal bodies are evolution- 
( arily conserved organelles that are essen- 

tial for the formation of cilia, flagella, and 
centrosomes and characterized by a ninefold radial 
symmetric arrangement of microtubules. A struc- 
ture called the cartwheel serves as a scaffold for 
this arrangement and exhibits a central hub ~22 
nm in diameter, from which nine spokes emanate 
toward peripheral microtubules (/). SAS-6 pro- 
teins are essential for cartwheel assembly across 
evolution and harbor a globular N-terminal do- 
main followed by a coiled coil (7). SAS-6 proteins 
undergo homodimerization and oligomerization 
between homodimers (2, 3). In vitro, this results 
in macromolecular assemblies and ringlike struc- 
tures ~22 nm in diameter (3), but whether such 
rings exist in vivo is unclear. Moreover, how SAS-6 
oligomers give rise to the ~100-nm-high cartwheel 
observed in most species is not understood. Con- 
ceivably, cartwheel height could be achieved via a 
helical or a stacking mechanism (4). An archi- 
tectural model is needed to distinguish between 
these possibilities and unravel mechanisms of 
cartwheel assembly. 

We sought to obtain a three-dimensional (3D) 
map of the cartwheel in the native state by using 
cryoelectron tomography (cryo-ET). The ~100-nm 
height of the cartwheel in most species and its 
instability (5) precluded such analysis. To circum- 
vent this limitation, we turned to Trichonympha 
flagellates that live as symbionts in the gut of ter- 
mites and have exceptionally elongated basal bodies, 
with ~1500-nm-high cartwheels (6). Apart from its 
exceptional height, the overall organization of the 
Trichonympha cartwheel is similar to that in other 
species (Fig. 1A and fig. S1). 

We purified Trichonympha basal bodies and 
analyzed them by using cryo-ET (Fig. 1B and 
movie S1). This revealed that the central hub ex- 
hibits a vertical periodicity of ~8.5 nm (Fig. 1C). 
Two-dimensional Fourier analysis of tomogram 
projections yielded two main layer lines at 1/170 
and 1/85 A (fig. S2A). A single layer line was 
detected at 1/85 A by retaining only the signal 
from the central hub (fig. S2B), whereas the 
cartwheel margin gave rise to the 1/170 A layer 
line (fig. S2C). 

We then used 3D translational and rotational 
autocorrelation to address whether the central hub 
is a helix or a stack (fig. S3A). We found a trans- 
lation peak every ~8.5 nm (fig. S3B), whereas 
rotational analysis revealed a ninefold symmetry 
with correlation peaks every 40° (fig. S3C). Suc- 


Fig. 1. Cartwheel architecture. (A) Cross-section of 
chemically fixed Trichonympha cartwheel, with the 
central hub from which emanate nine spokes. Scale 
bar, 40 nm. (B) Longitudinal section of Trichonympha 
basal body cryotomogram. Only about a quarter 
of the basal body is shown. Scale bar, 40 nm. (C) 
Higher magnification of the region boxed in (B), 
illustrating the ~8.5-nm periodicity of the central 
hub. Scale bar, 10 nm. (D) Low-threshold 3D elec- 
tron microscopy (EM) map of the central hub, with 
~8.5-nm periodicity between central rings. (E) Top 
and side views of structural model of Bld12p 
(Chlamydomonas SAS-6) ring (red) fitted in the 
high-threshold 3D EM map of the central hub. (F) 
3D representation of a cartwheel segment. Each 
layer consists of two central rings ~8.5 nm apart 
joined by their spokes toward the periphery, thus 
generating the ~17-nm periodicity at the margin. 


cessive rings did not exhibit a measureable twist, 
indicating that the central hub is not helical but 
instead a lattice of stacked rings. 

We next determined the structure of the central 
hub by using single-particle image reconstruc- 
tion (Fig. 1D, fig. S4, and movie S2). Because the 
N-terminal domains of SAS-6 proteins are struc- 
turally conserved (3), we tested whether a ring of 
the Chlamydomonas SAS-6 protein could fit into 
the 3D map of the Zrichonympha central hub. We 
found this to be the case, with extra densities be- 
tween rings suggestive of additional proteins (Fig. 
1E, fig. S4A, and movie S3). This supports the 
view that SAS-6 rings exist in vivo. 

We sought to unveil the full architecture of the 
cartwheel by using subtomogram averaging and 
ninefold symmetrization, notably to understand 
how the ~8.5-nm periodicity of the central hub 
translates into the ~17-nm periodicity at the mar- 
gin. The resulting 3D structure revealed that radial 
spokes emanating from the central hub associate 
two by two ~20 nm thereafter, merging into a sin- 
gle bundle, thus forming layers exhibiting ~17-nm 
periodicity (Fig. 1F, fig. S5, and movie S4). It 
will be interesting to investigate to what extent 
the conclusions we were able to draw by using 
power of biodiversity apply in other species. 
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Radio Detections During Two State 
Transitions of the Intermediate-Mass 


Black Hole HLX-1 
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Relativistic jets are streams of plasma moving at appreciable fractions of the speed of light. 
They have been observed from stellar-mass black holes (~3 to 20 solar masses, Mo) as well as 
supermassive black holes (~10° to 10? M.) found in the centers of most galaxies. Jets should 
also be produced by intermediate-mass black holes (~10* to 10° M9), although evidence for this 
third class of black hole has, until recently, been weak. We report the detection of transient 
radio emission at the location of the intermediate-mass black hole candidate ESO 243-49 HLX-1, 
which is consistent with a discrete jet ejection event. These observations also allow us to refine 
the mass estimate of the black hole to be between ~9 x 10° Mg and ~9 x 10* Mo. 


output of any black hole is only related to 

the mass accreted [in Eddington units (/)] 
onto it and does not depend on the mass of the 
black hole itself (2). If this is true, jet emission, 
which is most frequently detected through radio 
emission, is to be expected not only from stellar- 
mass black holes and supermassive black holes, 
but from black holes of all masses. This includes 
ultraluminous x-ray sources (ULXs), which are 
non-nuclear extragalactic x-ray point sources 
that exceed the Eddington luminosity (where the 
radiation force is balanced by the gravitational 
force) for a stellar-mass black hole. These could 


I has been proposed that the kinetic power 
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be stellar-mass black holes undergoing hyperac- 
cretion (3, 4) and/or beaming (5, 6). Alternatively, 
they could contain black holes of a slightly higher 
mass, between 30 and 90 solar masses (Mo) (7), 
or could be the missing class of intermediate-mass 
black holes (8). 

To date, no variable radio emission associated 
with jets has been detected from ultraluminous 
X-ray sources, despite numerous observing cam- 
paigns (9, /0). By contrast, nonvarying nebula- 
like extended radio emission, which is likely to 
be powered by the central black hole, has been 
detected around some ULXs (//—13). ESO 243- 
49 HLX-1 (hereafter referred to as HLX-1) not only 
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is a ULX but is currently the best intermediate- 
mass black hole candidate. If HLX-1 harbors an 
intermediate-mass black hole, it accretes at com- 
parable fractions of the Eddington luminosity, 
as stellar-mass black holes in binaries (/4). Hence, 
HLX-1 is expected to display similarities to the 
latter class of objects. In that respect, spectral 
state transitions reminiscent of black hole bi- 
naries have already been reported (/5, /6). It is 
therefore the ideal object in which to search for 
jet emission, so as to verify the scale invariance 
of jets from black holes. 

HLX-1 was detected serendipitously by XMM- 
Newton on 23 November 2004 in the outskirts 
of the edge-on spiral galaxy ESO 243-49, 8 arc 
sec from the nucleus (/7). The distance to HLX-1 
measured from its H, emission line confirms that 
ESO 243-49 is the host galaxy (78). HLX-1 there- 
fore has a maximum unabsorbed x-ray luminosi- 
ty, assuming isotropic emission, of 1.1 x 107 
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Fig. 1. Long-term Swift x-ray telescope light curve showing the dates of the first two ATCA observations and the period during which the subsequent five 
ATCA observations were taken. Three x-ray state transitions from the low/hard state (count rate less than ~0.002, 0.3 to 10.0 keV) to the high/soft state (count 
rate between ~0.01 and ~0.05, 0.3 to 10.0 keV) can be seen. 
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Fig. 2. (A) Five- and 9-GHz combined radio observations [contours: —3, 3, 
4, 5, 6, 7, 8, 9, 10, 15, 20, and 25 times the 16 root mean square (RMS) 
noise level (5.6 uJy per beam)] using the radio data taken on 13 September 
2010, 31 August 2011, and 3 and 4 September 2011 with ATCA and su- 
perimposed on an I-band Hubble Space Telescope image of ESO 243-49 
(inverted color map). The beam size is shown at the lower left. The galaxy, 
ESO 243-49, is clearly detected in radio. An 80 point source falls at RA = 
01°10"28.28° and dec = —46°04'22.3" (1o error on the position of RA = 


ergs s ' (17). HLX-1 qualifies as a ULX because 
of the non-nuclear situation of this point source 
and because it exceeds the Eddington luminosity 
for a stellar-mass black hole by three orders of 
magnitude. From the x-ray luminosity and the 
conservative assumption that this value exceeds 
the Eddington limit by at most a factor of 10 (3), 


unabsorbed flux (0.5 to 
shows the combined 5- 
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0.43" and dec = 0.67"), well within the 0.3" Chandra error circle of HLX-1. 
(B) Five- and 9-GHz combined radio observations [contours: —3, 3, 4, 5, 6, 7, 
8, 9, 10, 15, 20, and 25 times the 10 RMS noise level (7.0 Jy per beam)] 
made from the 3 December 2010, 25 August 2011, and 1 September 2011 
ATCA observations and superimposed on the same I-band Hubble Space Tel- 
escope image of ESO 243-49. The galaxy ESO 243-49 is again clearly detected, 
but no source is found within the Chandra error circle. The beam size is shown 
at the lower left. 
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Table 1. The seven radio observations organized by date. The second column shows the Swift x-ray 


10.0 keV), with 90% confidence intervals in parentheses. The third column 
and 9-GHz peak brightness radio flux (with the associated 16 noise level) 


for the detections, or the 30 upper limit for the nondetections. The final column gives the radio 
flux from fitting a point source (with the associated 16 noise level) using the point spread function. 


X-ray flux 5+9 GHz peak flux 


5+9 GHz flux density (wy) 


a lower limit of 500 Mz was derived for the mass 
of the black hole (/7). The maximum mass, 
however, is not constrained. The x-ray to optical 
flux ratio (17, 19) is far greater than expected 
from an active galactic nucleus, but without an 
estimate of this maximum mass, it could be ar- 
gued that HLX-1 is a non-nuclear supermassive 
black hole [e.g., (20)]. 

We observed HLX-1 with the Australia Tel- 
escope Compact Array (ATCA) in the 750-m 
configuration on 13 September 2010 (2/), when 
regular x-ray monitoring of HLX-1 with the 
Swift satellite (22) showed that HLX-1 had just 
undergone a transition from the low/hard x-ray 
state to the high/soft x-ray state. This transition 
occurs for HLX-1 when the count rate increases 
by more than a factor of 10 in just a few days 
(Fig. 1) (16, 23). Galactic black hole binaries 
are known to regularly emit radio flares around 
the transition from the low/hard to the high/soft 
state [e.g., (24, 25)]. Such flares are associated 
with ejection events; for example, an expelled 
jet can lead to radio flaring when the higher- 
velocity ejecta collides with the lower-velocity 
material produced by the steady jet. As well as 
detecting radio emission from the nucleus of the 
galaxy, we detected a radio point source at right 
ascension (RA) = 01"10™28.28* and declination 
(dec) = —46°04'22.3", coincident with the Chandra 
x-ray position of HLX-1 (26). Combining the 
5-GHz and 9-GHz data gives a detection of 50 uy 
per beam and a lo noise level of 11 ,Jy, and thus 


(ergs cm? s~*) (uJy/beam) 

13 Sep 2010 4.57 ($8) x 107% 50 (11) 42 (10) 
3 Dec 2010 2.40 (+868) x 10773 <36 11 (20) 
25 Aug 2011 4.57 (+0.30) x 10°¥ <30 14.5 (7) 
31 Aug 2011 4.57 (+0.30) x 107%? 51 (10) 63 (18) 
1 Sep 2011 4.57 (+0.30) x 10°¥ <31 25 (10.5) 
3 Sep 2011 4.57 (+0.30) x 10° 45 (10.5) 43 (10) 
4 Sep 2011 4.57 (+0.30) x 1073 30 (7.5) 27 (7.5) 


a 4.5o detection at the position of HLX-1, at a time 
when such emission can be expected (Fig. 2A 
and Table 1). 

The radio flares in galactic black hole bina- 
ries are typically brighter than the nonflaring 
radio emission by a factor of 10 to >100 (9) and 
generally last one to several days [e.g., XTE 
J1859+226 (27)]. Once the high/soft state has 
been achieved, the core jet is suppressed [e.g., (24)]. 
To determine whether the radio emission that we 
detected was transient and thus associated with a 
radio flare, we made another observation with 
ATCA in the 6-km configuration on 3 December 
2010, when HLX-1 was declining from the high/ 
soft state and when no flaring was expected. This 
observation again showed emission from the nu- 
cleus of the galaxy, consistent with that of the 
previous radio observation, but revealed no source 
at the position of HLX-1. The 30 nondetection 
for the combined 5- and 9-GHz data is 36 wy 
per beam (Fig. 2B and Table 1). These obser- 
vations suggest that the source is variable. 


To confirm the variability, we reobserved 
HLX-1 when it had just undergone another tran- 
sition from the low/hard x-ray state to the high/ 
soft x-ray state in August 2011 (Fig. 1). All five 
of the 2011 observations (Table 1) were made 
in a similar configuration to the December 2010 
observation. We observed three noncontiguous 
detections (=40) and two noncontiguous non- 
detections of the source (Table 1). This indicates 
that two flares were detected during this period. 

To determine whether the source was indeed 
variable, we fitted each observation using a point 
source, with the point spread function. We used 
the position of HLX-1 when the source was not 
detected. This allowed us to estimate the flux and 
the associated errors (Table 1) even for a nonde- 
tection. We tested whether the data could be 
fitted with a constant—namely, the mean of the 
data. We used a chi-square test to compare these 
data to the mean flux value and found a reduced 
chi-square (x2) value of 2.5 (5 degrees of free- 
dom); because this is much greater than unity, 
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a constant is a poor fit to the data and hence the 
variable nature of the phenomenon is supported. 
Further, combining all of the detections (5 and 
9 GHz), the source was observed at 45 pJy per 
beam, with a lo noise level of 5.5 wy; this rep- 
resents a confident detection at the 80 level. 
Combining in a similar fashion the data in which 
no radio emission was detected, we obtained a 
306 upper limit in the combined 5- and 9-GHz 
data of 21 uJy per beam (Fig. 2). The variability 
rules out emission from a nebula. Hence, the 
observed variable radio emission is again con- 
sistent with a transient jet ejection event. 

Observations of supermassive black holes and 
stellar-mass black holes have supported the scale 
invariance of jets (28, 29) through comparing x-ray 
and radio measurements—tracers of mass accre- 
tion rate and kinetic output, respectively—with the 
associated black hole masses to form a “funda- 
mental plane of black hole activity” (28). Under the 
hypothesis that HLX-1 is indeed an intermediate- 
mass black hole, we can test the proposed rela- 
tion. We take what is generally considered to be 
the maximum mass of intermediate-mass black 
holes, ~1 x 10° Mg (8), and the x-ray luminosity, 
5.43 x 10" ergs s | (0.5 to 10.0 keV), determined 
from Swift x-ray telescope (30) observations made 
at the same time as our radio detection. Continuum 
(nonflaring) radio emission can then be estimated 
with the aforementioned relationship (29), which 
is based on a sample that includes black holes in 
all different x-ray states. This relation implies a con- 
tinuum radio emission at the ~20 pJy level. This is 
slightly lower than the 30 nonflaring upper limit, 
which suggests that the mass of the black hole is 
likely to be less than ~1 x 10° Mo. 

Radio flares are seen to occur in galactic black 
hole binaries when the x-ray luminosity is 10 to 
100% of the Eddington luminosity (/4). HLX-1 
has already shown behavior similar to that of ga- 
lactic black hole binaries. Therefore, if we assume 
that the radio flares that we observed also occur 
when the x-ray luminosity is 10 to 100% of the 
Eddington luminosity, then the black hole mass 
would be between ~9.2 x 10° Mg and ~9.2 x 
10* Mo, commensurate with the mass estimate 
above and those of (/6, 23, 3/) and confirming 
the intermediate-mass black hole status. 
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Kepler-36: A Pair of Planets 
with Neighboring Orbits 
and Dissimilar Densities 
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In the solar system, the planets’ compositions vary with orbital distance, with rocky planets in 
close orbits and lower-density gas giants in wider orbits. The detection of close-in giant planets 
around other stars was the first clue that this pattern is not universal and that planets’ orbits 
can change substantially after their formation. Here, we report another violation of the orbit- 
composition pattern: two planets orbiting the same star with orbital distances differing by 

only 10% and densities differing by a factor of 8. One planet is likely a rocky “super-Earth,” 
whereas the other is more akin to Neptune. These planets are 20 times more closely spaced 
and have a larger density contrast than any adjacent pair of planets in the solar system. 


a Sun-like star (/) was surprising to re- 

searchers who based their expectations 
on the properties of the solar system. Theorists 
soon developed models of planetary “migration” 
to explain how the planets’ orbits can shrink (2). 
This work led to a broader recognition that the 
architecture of planetary systems can change sub- 
stantially after their formation. The planetary sys- 
tem reported in this paper is another example 
of an “extreme” planetary system that will serve 
as a stimulus to theories of planet migration and 
orbital rearrangement. The system features two 


T: detection of the first “hot Jupiter” around 


planets in neighboring orbits with substantially 
different compositions. 

This system was detected from the miniature 
eclipses or transits that cause the host star to ap- 
pear fainter when the planets pass in front of 
the star. The target star (Kepler Object of Inter- 
est 277; hereafter, Kepler-36; also KIC 11401755, 
2MASS. 19250004+4913545) is one of about 
150,000 stars that is subject to nearly continuous 
photometric surveillance by the Kepler space- 
craft (3-5). The Kepler data revealed the transits 
of two planets. The loss of light during transits by 
planet b is only 17% as large as that from planet c 
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(Fig. 1). Both transit sequences show substan- 
tial timing variations (Fig. 2). Indeed, the varia- 
tions are large enough that the smaller planet 
was initially overlooked by the Kepler data re- 
duction pipeline (6, 7), which makes the usual 
assumption of strictly periodic orbits. It was sub- 
sequently identified with a search algorithm allow- 
ing for variations between successive transits up 
to a specified fraction of the mean period (8). 

The candidates have average orbital periods 
of P, = 13.84 days and P, = 16.23 days, which 
have a ratio close to 6/7. The transit timing var- 
iations are approximately linear in time, with 
abrupt slope changes after planetary conjunc- 
tions (~ 6 x P, = 7 x P, = every 97 days). The 
variations are anticorrelated; when one body is 
early, the other is late, and vice versa. This is diag- 
nostic of gravitational interactions (9—//), leav- 
ing no doubt that the two transiting bodies orbit 
the same star (as opposed to other scenarios in 
which two independent eclipsing systems are 
spatially unresolved by the telescope). 

Even without detailed modeling, it is possi- 
ble to show that the transiting bodies must be 
planets by imposing the requirement of orbital 
stability. For long-term stability against collisions 
or ejections, the sum of the orbiting bodies’ masses 
must be less than 10 “ times the mass of the star 
(12-14). This criterion leads to an upper bound 
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of 40 Earth masses, hence planetary masses, 
for both bodies. 

Precise knowledge of the masses and radii of 
the planets requires precise knowledge of those 
same properties for the star. This information is 
typically gleaned from spectroscopic observa- 
tions. In this case, there is an additional source 
of information: The Kepler data reveal solarlike 
oscillations of the host star because of excitation 
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of sound waves by turbulence in the stellar atmo- 
sphere. The frequencies of the oscillations indi- 
cate that the star has a density 25 + 2% that of 
the Sun (/5, 16). Analysis of high-resolution spec- 
tra of this star, subject to this density constraint, 
yields precise values for the stellar effective tem- 
perature and metallicity. The star is slightly hotter 
and less metal-rich than the Sun. This information 
combined with additional asteroseismic constraints 
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Fig. 1. Kepler-36 light curve. (Top) Relative flux over 877 days, after applying a median filter to remove long- 
term trends caused by astrophysical and instrumental effects. The brief 0.05% dips represent transits of planet c 
(also marked with red bars on the time axis). The individual transits of planet b (blue bars) are not easily discerned 
in the time series. The alternating pattern of transits (blue, red, blue,...) is flipped every ~97 days as the planets 
pass each other in their orbits. (Bottom) Composite transit light curves and best-fitting models, obtained by 
subtracting from each time stamp the nearest mid-transit time (calculated from the best-fitting model), and the 
data residuals. The gray bar shows the typical scatter of the relative flux. The transit of planet c (right, model in red) 
results in a loss of light about six times greater than that resulting from planet b (left, model in blue). 


Fig. 2. Visualization of 
transit-timing perturba- 
tions. Colored pixels encode 
relative flux (increasing 
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red ticks on each row indicate the start and end time of transit according to the best-fitting dynamical model. The 
range of relative fluxes in each panel spans the minimum and maximum data values in the middle panels of Fig. 1. 
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(16) gives precise measures of the stellar mass and 
radius (Table 1). On the basis of these parameters 
(16), Kepler-36 is a “‘subgiant” star, 2 to 3 billion 
years older than the Sun. 

We used the seismic results as constraints on 
the parameters of a photometric-dynamical mod- 
el fitted to the Kepler data (16). This model has its 
basis in the premise of a star and two planets in- 


teracting via Newtonian gravity with an appro- 
priate loss of light whenever a planet is projected 
in front of the star (/7). Given initial positions 
and masses, the positions of the three bodies at 
the observed times were computed numerically, 
and the loss of light was computed assuming a 
linear limb-darkening law (/8). Only data with- 
in half a day of a transit were fitted after correct- 


Table 1. Characteristics of the Kepler-36 system. The stellar parameters have their basis in the analysis 
of the optical spectrum and the asteroseismic oscillations observed in the Kepler data (16). Because the 
orbits are not strictly periodic, the periods and times of transit given here refer to instantaneous 
(“osculating”) values evaluated at an arbitrary reference epoch (2,454,950 barycentric Julian date, 
BJD). The parameter ranges have their basis in the medians and 68% confidence limits of the 
marginalized posteriors. The equilibrium temperature was calculated assuming a Bond albedo of Ag = 


0.3, with Teq = Tepf/Rx/2a(1 — Ag)". 


Value 
Star 

Mass, Mx (Mo) 1.071 + 0.043 
Radius, Ry (Ro) 1.626 + 0.019 
Mean density, py (g cm™°) 0.3508 + 0.0056 
Stellar effective temperature, Tor (K) 5911 + 66 

Planet b 
Time of transit, 7, (BJD) 2454960.9753"G Geen 
Period, P,, (day) 13.839897) o960 
Orbital semimajor axis, a, (AU) 0.1153 + 0.0015 
Mass, M, (Ms) 4.45*0 37 
Radius, Rp (Re) 1.486 + 0.035 
Mean density, pp, (g cm™?) 7.461035 
Equilibrium temperature, Teg, » (K) 978 +11 

Planet c 
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Fig. 3. Mass-radius diagram 
for small planets. Constraints 
for Kepler-36b and c are shown 
as two-dimensional joint prob- 
ability densities and confidence 
contours (68 and 95%). Other 
exoplanets are shown for com- 
parison: blue, the planets in 
Kepler-11 (22); pink, Kepler- 
18b (23); gray, Kepler-20 b 
and c (24); brown, GJ 1214b 
(25); violet, CoRoT-7b (26); 
green, Kepler-10b (27); or- 
ange, 55 Cnc e (28). Solar 
system planets are plotted by 
using the first letter of their 
names (excluding Mercury). 
The curves represent theoret- 0 
ical models for planets of a 

given composition. Dotted 
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curves are models of terrestrial bodies [those lacking a substantial gas envelope (29)], with “Ice/Rock” 
indicating 50% ice and rock (silicates) by mass; “Rock,” 100% rock; “Earth-like,” 33% iron, 67% rock; 
and “Iron,” 100% iron. Dashed curves are for planets with Earth-like solid cores surrounded with H/He 
envelopes with 5 or 10% of the total mass. The dash-dotted curve is for an Earth-like core and a water 
layer, in equal parts mass, surrounded by H/He envelope with 1.6% of the total mass. 


ing for extraneous trends by removing a linear 
function of time (/6). 

We adjusted the parameters of the model to 
fit to the data. The optimal solution agrees well 
with the data, in particular with the transit-timing 
variations of both planets (Figs. 1 and 2). We 
calculated the credible intervals for the model 
parameters (/6) with a differential evolution Markov 
chain Monte Carlo algorithm (/9) (Table 1). 

The masses and radii have uncertainties less 
than 8% and 3%, respectively. This unusually good 
precision owes to the combination of the constraint 
on the planetary mass ratio (0.55 + 0.01) and 
planets-to-star mass ratio (3.51 x 10° + 0.20 x 10>) 
obtained from the detection of transit-timing var- 
iations, coupled with the usual geometric transit 
parameters and the asteroseismic constraints (/6). 

Knowledge of the planetary masses and radii 
enables the study of their possible compositions 
(/6). Planet b’s dimensions are consistent with a 
rocky Earth-like composition, with about 30% of 
its mass in iron. Any volatile constituents—those 
having relatively low boiling points, such as hydro- 
gen, helium, or water—must be a small fraction of 
b’s volume. As a limiting case, if the planet is as- 
sumed to have a maximally iron-rich core (20), 
water may not constitute more than 15% of the 
total mass, and any H/He atmosphere contributes 
less than 1% of the total mass. In contrast, planet 
c must be volatile-rich; it is less dense than water, 
implying a substantial H/He atmosphere. Taking 
the interior to be free of water, with an Earth-like 
composition, the H/He atmosphere would con- 
tain 9% of the total mass. Even if the planet were 
half water by mass, the H/He atmosphere would 
still be >1% of the total mass (Fig. 3). 

As for the orbits, the photometric-dynamical 
model shows (/6) that they are nearly circular 
(eccentricities < 0.04) and coplanar (mutual in- 
clination < 2.5°). The evidence for coplanarity 
comes from the lack of significant variation in 
the transit durations (/6, 2/). The orbits are also 
closely spaced: At conjunctions, the planets ap- 
proach one another within 0.013 astronomical 
units (AU). The angular size of c as viewed from 
b would be 2.5 times larger than the full Moon 
viewed from Earth. We investigated whether these 
close encounters are consistent with dynamical 
stability by scrutinizing a random sample of al- 
lowed model parameters (/6). Direct numerical 
integration (16) showed that 91% of this sample 
avoided disruptive encounters over ~0.7 million 
years. From this surviving population, 100 param- 
eter sets were drawn randomly and numerically 
integrated for 140 million years; none experi- 
enced disruptive encounters. 

Of all the multiplanet systems for which den- 
sities of the planets have been measured, Kepler- 
36 has the smallest fractional separation between 
any pair of adjacent orbits, and this pair also has 
one of the largest density contrasts (fig. S20). 
These factors present an interesting problem. One 
would naturally suppose that the two planets 
formed at widely separated locations in the pro- 
toplanetary disk, with volatile-poor b inside the 
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“snow line” at a few AU and volatile-rich c outside. 
It will be interesting to see whether the usual mi- 
gration mechanism that is invoked to alter plan- 
etary orbits—tidal interactions with the gaseous 
protoplanetary disk—could draw together two 
planets from such different regions of the disk. 
Or whether the compositions and densities of the 
planets could have changed with time, for ex- 
ample, because of the preferential erosion of the 
smaller planet’s atmosphere by stellar irradiation 
(16) (fig. S21). Perhaps a combination of these 
factors will ultimately explain this puzzling pair 
of planets. 
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Non-Centrosymmetric Cylindrical 
Micelles by Unidirectional Growth 


Paul A. Rupar,* Laurent Chabanne,” Mitchell A. Winnik,?* lan Manners** 


Although solution self-assembly of block copolymers (BCPs) represents one of the most 
promising approaches to the creation of nanoparticles from soft matter, the formation of 
non-centrosymmetric nanostructures with shape anisotropy remains a major challenge. Through 
a combination of crystallization-driven self-assembly of crystalline-coil BCPs in solution 

and selective micelle corona cross-linking, we have created short (about 130 nanometers), 
monodisperse cylindrical seed micelles that grow unidirectionally. These nanostructures grow to 
form long, non-centrosymmetric cylindrical A-B and A-B-C block co-micelles upon the addition 
of further BCPs. We also illustrate the formation of amphiphilic cylindrical A-B-C block co-micelles, 
which spontaneously self-assemble into hierarchical star-shaped supermicelle architectures with 
a diameter of about 3 micrometers. The method described enables the rational creation of 
non-centrosymmetric, high aspect ratio, colloidally stable core-shell nanoparticles in a manner 
that until now has been restricted to the biological domain. 


functional structures using nanoparticles 

as building blocks is a primary objective 
within the field of nanotechnology. As a con- 
sequence, improving the control of particle shape 
and composition in the nanoscopic size regime 
remains an important challenge (/). Although 
difficult to create, especially from soft materials, 
non-centrosymmetric structures are especially 
attractive because they can possess complex in- 


T bottom-up fabrication of devices and 
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terparticle interactions useful for the bottom-up 
design of hierarchical assemblies (2, 3). This is 
commonly illustrated in many biological systems: 
For example, non-centrosymmetric o-B hetero- 
dimer tubulin proteins aggregate head to tail to 
form polar microtubules, hierarchical architec- 
tures where asymmetry is critical for their cellular 
functions (4). 

The solution self-assembly of block co- 
polymers (BCPs) has emerged as a versatile 
technique to generate core-shell nanoparticles 
of controllable shape, size, and function. When 
placed in a block-selective solvent, BCPs as- 
semble into a variety of different morphologies 
that are influenced by polymer molecular weights 
and block ratios, with further control possible 
through the manipulation of environmental con- 


ditions such as temperature, solvent, and con- 
centration (5-9). Although progress has been 
achieved in BCP self-assembly, examples of 
the successful formation of nanoparticles with 
shape anisotropy and low symmetry are rare. 
Few approaches are available to prepare block 
copolymer—based nanoparticles, which are non- 
centrosymmetric (10). These are characterized by 
a relatively limited range of morphologies, sizes, 
and composition control, and few examples 
of nonspherical nanostructures have been de- 
scribed. The use of linear triblock copolymers 
to form non-centrosymmetric nanocylinders 
(11, 12) and nanodiscs (13, /4) after block- 
selective cross-linking in the bulk state has 
been reported. In an alternative approach, non- 
centrosymmetric nanoparticles have been formed 
in solutions containing two different diblock co- 
polymers where the opposite sides of the struc- 
tures express only one of the diblock copolymers 
(15-17). Giant amphiphilic diblock copolymer 
brushes have also been created by sequential 
ring-opening metathesis polymerization of mac- 
romonomers (/8). 

A recent development in the field of BCP 
fabrication involves the discovery of a process 
termed crystallization-driven self-assembly (CDSA) 
(19). CDSA occurs when crystalline-coil BCP 
unimers (molecularly dissolved BCPs) are placed 
in a solvent selective for the coil block (Fig. 1A). 
Under these conditions, the crystallization of the 
core-forming polymer block directs the forma- 
tion of low-curvature structures such as cylin- 
ders and platelet micelles (20). In several cases, 
CDSA has been demonstrated to be a living pro- 
cess because the ends or edges of the micelles 
remain active to the addition of further unimer 
(79, 20). Elongation via epitaxial growth is observed 
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provided that there is a sufficient lattice match 
between the existing crystalline core and that 
formed by the added unimer (Fig. 1A) (20). Fur- 
thermore, cylindrical micelles of well-defined 
and controllable contour length and with nar- 
row length distributions are readily accessible 
when unimers are added to colloidal dispersions 
of short, preformed cylindrical seed micelles 
(21). In recent years, CDSA processes have been 
used to access elongated structures for a range of 
crystalline-coil BCPs, including those contain- 
ing poly(ferrocenyldimethylsilane) (PFS) (19), 
poly(ferrocenyldimethylgermane) (20), poly(3- 
hexylthiophene) (22, 23), polylactide (24), polyethylene 
(25), polyacrylonitrile (26), and poly(€-caprolactone) 
(27) crystalline core—-forming blocks. Recently, hexa- 
perihexabenzocoronenes, a class of aromatic small 
molecules, have been shown to form segmented 
semiconducting nanotubes in a process analo- 
gous to CDSA (28). 

Although CDSA is emerging as a promising, 
versatile tool with which to create rationally de- 
signed micelles of well-defined size, shape, and 
spatially controlled composition, this method has 
been limited to the creation of centrosymmetric 
nanostructures. This symmetry constraint arises 
because epitaxial growth occurs bidirectionally 
off the opposing ends of a crystallized micelle 
core (Fig. 1A) (79). To obtain unidirectional 
growth, we required a method to create cylindri- 
cal seeds where one exposed end is effectively 
blocked to further elongation. To access such 
structures, we envisioned an approach whereby, 
in a first step, the ends of a cylindrical B-A-B 
triblock co-micelle would be blocked by coronal 
cross-linking (29) to prevent the ends from ini- 
tiating CDSA (Fig. 1B). In a second step, we 
conceived that the central micelle block could 
be selectively dissolved to leave two short daugh- 
ter micelles, each with a single blocked end and 
a newly exposed, active crystalline core at the 
opposite terminus (Fig. 1B). Because only one 
of the exposed daughter micelle core ends would 
be expected to participate in CDSA, these new, 
short, cylindrical seeds should only grow in a 
single direction and would thereby provide a 
platform for the creation of non-centrosymmetric 
cylinders. 

To explore the feasibility of this end-blocking 
approach, we performed studies on cylinders 
derived from (PI-b-PFS) (PI is polyisoprene). 
We previously established coronal cross-linking 
of PI in such BCP micelles as a means to achieve 
permanent micelle stability in good solvents for 
both blocks (30, 31). We used a diblock co- 
polymer, PI,424-b-PFS.3 (table S1), with a very 
long corona-forming PI block because we rea- 
soned that, in solution, the corona chains would 
partially cover the high-energy PFS crystalline 
core faces of the micelles to minimize exposure 
to the selective solvent. Thus, we predicted that 
cross-linking of the corona chains should im- 
mobilize the PI chains, thereby rendering the 
core face inaccessible and efficiently inhibiting 
CDSA (Fig. 1B). To test this hypothesis, we 


created a decane colloidal dispersion of cylin- 
drical M(PI;424-b-PFS¢3) micelles (the prefix “M” 
denotes that the block copolymer is incorporated 
into a micelle) with an average contour length of 
121 nm and a narrow length distribution [poly- 
dispersity index (PDI) = 1.05] (Fig. 2A and figs. S1 
and S2) (32). Karstedt’s catalyst-promoted hy- 
drosilylation with tetramethyldisiloxane was then 
used to cross-link the PI corona of the micelles to 
generate *"M(PI, 424-b-PFS¢3) cylinders (Fig. 2B; 
superscript XL implies cross-linked) (30). Next, we 
added a tetrahydrofuran (THF) solution of PFS¢o- 
b-PDMS¢60 [PDMS is poly(dimethylsiloxane)] 
(table S1) unimers to separate samples of the non— 
cross-linked M(PI;424-b-PFS¢3) and the cross-linked 
XEM(PIj 424-b-PFS¢3) micelles. As anticipated, when 
PFS¢0-b-PDMSg60 unimers were added to pre- 
formed non-cross-linked M(PI,424-b-PFS¢3) 
micelles as a control, the PFS¢o-b-PDMS¢60 
unimers were incorporated at the cylinder ends, 
which resulted in the formation of M(PFS¢9-b- 
PDMS ¢60)-0-M(PI 424-b-PFS63)-b-M(PFS¢0-b- 
PDMS¢¢60) triblock co-micelles with an increased 
average contour length of 275 nm (PDI = 1.16) 
(Fig. 2C and fig. S3). However, in the case of the 
cross-linked *4M(PI, 474-b-PFS,3) micelles, the vast 
majority of the micelles (98%) did not elongate; 
instead, several micrometer-long self-nucleated 
M(PFS¢0-b-PDMS¢60) homomicelles were de- 
tected in addition to the unchanged cross-linked 
XUM(PI) 44-b-PFS¢3) micelles (Fig. 2D and fig. $4). 
We therefore concluded that the corona cross- 
linking strategy provides an efficient method of 


pee. 
eed 


blocking micelle termini toward further partici- 
pation in CDSA. 

With confidence in our ability to inhibit 
CDSA, we began the creation of a sample of tri- 
block co-micelles with two cross-linkable corona 
domains located on the end blocks and a non— 
cross-linkable corona domain as the central block. 
PI,424-b-PFS¢3 unimers were added to preformed 
cylindrical M(PFS¢0-b-PDMSg¢¢o) micelles to give 
B-A-B cylindrical M(Plj424-b-PFS¢3)-b-M(PFS¢0- 
b-PDMS¢660)-b-M(PI.424-b-PFS¢3) triblock co- 
micelles with a length of 430 nm (PDI = 1.02) 
(figs. SS to S7). The PI corona was cross-linked 
(Fig. 3, A and B), and then further PFS¢9-b- 
PDMS¢e6o unimers were added to the cross-linked 
XUM (PI, 424-b-PFS¢3)-b-M(PFS¢0-b-PDMS¢60)- 
b-X™M(PI424-b-PFS¢3) triblock co-micelles. As 
desired, almost all (98%) of the **M(Ply424-b- 
PFS63)-b-M(PFS¢0-b-PDMS.¢60)-b-*M(PI 424- 
b-PFS63) co-micelles did not elongate, thus 
verifying that CDSA was inhibited after cross- 
linking (fig. S8). 

Next, we attempted to remove the central 
M(PFS¢60-b-PDMSg¢¢o) micelle block from the 
XEM{(PI,424-b-PFS¢3)-b-M(PFS¢0-b-PDMS¢60)-b- 
XM (PI, 494-b-PFS¢3) triblock co-micelles to re- 
lease the XEM (PI) 424-b-PFS¢3) daughter micelles 
designed to undergo unidirectional CDSA. We 
found that dispersions of the triblock co-micelles 
in a decane:toluene (3:5 by volume) solution re- 
sulted in the selective dissolution of the central 
M(PFS¢0-b-PDMS¢660) micelle block, leaving 
short *“M(PI,424-b-PFS,3) daughter micelles 


Add second 
BCP 
Crystalline-coil 
BCP unimer in perlite 
solution icelte Wi 
crystalline core 
~~ Oy 
Selectively QX ( $ 
dissolve middle + ua 
micelle block Ge .« 


B-A-B triblock co- 
micelle with 
blocked ends 


Daughter micelles 
that grow 
unidirectionally 


Fig. 1. (A) Formation of cylindrical micelles 
through CDSA. Crystalline-coil BCP unimers added 
toa solvent selective for the coil block self-assemble 
into a cylindrical micelle. Addition of a different 


crystalline-coil BCP unimer results in the lengthening of the previously formed micelle. (B) Proposed 
formation of non-centrosymmetric elongating cylindrical micelles. First, the core ends of a B-A-B micelle 
are obscured, preventing CDSA in both directions. Next, the middle micelle A block is selectively dissolved 
to create two daughter micelles, each with a blocked and a fully CDSA-active micelle core end. 
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with a length of 130 nm (PDI = 1.07) (Fig. 3C 
and figs. S9 and S10A). Upon removal of the 
toluene from the solution through selective evap- 
oration, the dissolved PFS¢9-b-PDMS¢¢o unimers 
grew onto only one side of the XUM(PT424-b- 
PFS¢3) daughter micelles (Fig. 3D and fig. S11), 
presumably off the end that was originally 


Fig. 2. (A) TEM micro- 
graph of cylindrical M 
(Ply424-b-PFS¢3) micelles 
with an average contour 
length of 121 nm. (B) 
TEM micrograph of cross- 
linked cylindrical *'M 
(Pliaza- -b- PFS¢3) mi- 
celles. The cross-linked 
**M (Ply 424-b-PFS¢3) 
micelles appear darker 
in the TEM micrograph 
because of binding of re- 
sidual platinum catalyst 
from the cross-linking pro- 
cedure and contraction 
of the corona (32). (C) 
The addition of PFS¢o-b- 
PDMS¢¢o unimers to a so- 
lution of non—cross-linked 
M(Ply424-b-PFS¢3) micelles 
resulted in an increase in 
the average micelle con- 


bound to the M(PFS¢0-b-PDMS¢¢0) domain, and 
thus formed non-centrosymmetric *“M(PI, 424- 
b-PFS63)-b-M(PFS¢0-b-PDMS¢¢0) A-B diblock 
co-micelles with an average contour length of 
220 nm (PDI = 1.04) (fig. S10B). The non- 
centrosymmetric A-B block co-micelles were 
also found to be active in further CDSA. For ex- 


tour length from 121 to 275 nm because of the incorporation of PFS¢o-b-PDMS¢¢o unimers via 
CDSA. (D) Upon addition of PFS¢o-b-PDMS¢¢q unimer to cross-linked **M(Pl,424-b-PFS,3) micelles, 
the overwhelming majority (98%) of the cross-linked *'M(Pl1424-b-PFS.¢3) micelles were resistant to 
the incorporation of PFS¢09-b-PDMS¢¢9 unimer and appeared inactive to CDSA. A long, self- 
nucleated M(PFS¢q-b-PDMS¢¢o) homomicelle is visible in the TEM micrograph. PDMS and non— 
cross-linked PI corona regions are not visible in TEM micrographs because of insufficient electron 


density contrast. Scale bars 500 nm. 


Fig. 3. (A and B) TEM micro- 
graphs of B-A-B “*M(Ply424-b- 
PFS¢3)-b-M(PFS¢0-b-PDMS¢¢0)- 
b*“M(Plyaza-b-PFS¢3) triblock 
co-micelles, where the PI corona 
has been cross-linked. (C) TEM 
micr ograph of XUM(Plyaza-b-PFS¢3) 
micelles formed from the dis- 
persion of B-A-B “M(Ply424-b- 
PFS¢3)-b-M(PFS¢0-b-PDMS¢60)- 
b*“M(Plyaza-b-PFS¢3) triblock 
co-micelles in a decane:tol- 
uene (3:5 by volume) solution. 
In the presence of toluene, a 
good solvent for PFS, PDMS, 
and PI, the central PFS¢9-b- 
PDMS¢6o block of the triblock 
co-micelles dissolved; howev- 
er, because of the cross-linking 
of the PI corona, the micelle 
blocks of XUM(Plyazq-b-PFS¢3) 
remained assembled in solu- 
tion. (D) A-B ™M(Plyaz4-b- 
PFS¢3)-b-M(PFS¢0-b-PDMS¢¢0) 
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ample, the addition of further PFS¢9-b-PDMS¢60 
unimer resulted in the unidirectional elongation 
of the cylindrical A-B diblock co-micelles via 
CDSA (Fig. 3, E and F). 

A key motivation behind the development of 
non-centrosymmetric nanoparticles is their use in 
the creation of complex objects via hierarchical 
self-assembly. By analogy with the behavior of 
surfactants and amphiphilic BCPs in selective 
solvents, we envisioned that non-centrosymmetric 
amphiphilic block co-micelles would also self- 
assemble into larger structures (Fig. 4A). Al- 
though CDSA has been shown to operate for 
crystalline-coil BCPs with either nonpolar (/9) 
or polar coil blocks (33), amphiphilic block co- 
micelles containing both polar and nonpolar 
corona regions within the same micelle have 
not been described. However, we found that we 
were able to bidirectionally grow PFS6q4-b- 
P2VP¢37 [P2VP is poly(2-vinylpyridine)] micelle 
blocks off preformed M(PFS¢9-b-PDMS¢¢o) 
micelles via CDSA in a solvent mixture of 
iPrOH:decane (3:1 by volume, where iPr is iso- 
propyl) at 45°C (fig. S12). Next, we set out to 
make non-centrosymmetric amphiphilic A-B-C 
XLM{(PI, 494-b-PFS¢3)-b-M(PFS-b-PDMS ge0)- 
b-M(PFS64-b-P2VP337) triblock co-micelles by 
growing PFS¢4-b-P2VPg37 (the polar component) 
off of the nonpolar XUM (PI, 424-b-PFS63)-b- 
M(PFS¢0-b-PDMS¢¢60) A-B micelles. PFS64-b- 
P2VPs37 unimer was added to a suspension of 
XLM (PI 424-b-PFS63)-b-M(PFS¢0-b-PDMS.¢60) 
A-B micelles in iPrOH:decane (3:1 by volume) at 
45°C and was allowed to age for 4 hours, during 
which time the solution became turbid. Trans- 
mission electron microscopy (TEM) micrographs 
of a drop-cast sample of the solution showed the 


diblock co-micelles formed after the removal of toluene from the toluene: decane solution. (E and F) Addition of more PFS¢9-b-PDMS¢¢9 unimer to the 
micelles results in unidirectional CDSA. PDMS corona regions are not visible in TEM micrographs because of insufficient electron density contrast. Scale 


bars, 500 nm. 
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Fig. 4. (A) Schematic representation A 
of an amphiphilic “M(Ply424-b-PFS¢3)- 
b-M(PFS¢9-b-PDMS660)-b-M(PFS¢4-b- 
P2VPg.37) triblock co-micelle and its 
self-assembly into a supermicelle. (B) 
Low-magnification TEM micrograph of 
a cluster of supermicelles drop cast 
from iPrOH:decane (3:1 by volume). 
(C) Higher-magnification TEM micro- 
graph of a supermicelle showing the 
core, composed of the cross-linked 
XLM(Pl4424-b-PFS¢3), and a corona of 
M(PFS¢4-b-P2VPs37) micelle blocks. 
The M(PFS¢9-b-PDMS¢60) blocks act as B 
linkers between the supermicellular core 

and corona. PDMS corona regions are 

not visible in TEM micrographs because 

of insufficient electron density contrast. 

(D) Optical micrograph of the super- 

micelles suspended in iPrOH:decane 

(3:1 by volume). 


formation of large starlike structures (~ 3 um in 
diameter), which were aggregates of cylindri- 
cal micelles (Fig. 4B). On closer inspection, each 
individual co-micelle had a profile consistent 
with the target non-centrosymmetric amphiphilic 
XLVI(PI424-b-PFS¢3)-b-M(PF S¢o-b-PDMS¢60)- 
b-M(PFS64-b-P2VP¢37) (Fig. 4C) triblock 
co-micelle. As expected on the basis of the be- 
havior of other amphiphilic systems of different 
sizes, the A-B-C amphiphilic block co-micelles 
assembled into star-shaped supermicelles. The 
“core” of the supermicelle was composed pri- 
marily of the **M(PI,424-b-PFS,3) block of the 
A-B-C triblock co-micelles, the “corona” was 
formed from the M(PFS¢4-b-P2VP¢37) block, 
and the M(PFS¢9-b-PDMS¢6o) block acted as a 
linker between the core and corona. Given that 
the diameter of each of the supermicelles was 
~3 um in TEM micrographs, the supermicelles 
were also observed in optical microscope micro- 
graphs of the solution (Fig. 4D). Additionally, the 
supermicelles were found to be colloidally stable 
at room temperature over periods of months 
without flocculation. 

We have demonstrated a previously unknown 
and versatile solution self-assembly approach to 
the controlled formation of non-centrosymmetric 
colloidally stable core-shell nanoparticles with 
shape anisotropy from BCPs. We have shown 
that short cylindrical micelles that undergo uni- 
directional CDSA can be prepared by selective- 
ly preventing growth at one end of a micelle 
through corona cross-linking. The resulting struc- 
tures can be readily used as seeds to access 
non-centrosymmetric cylindrical block co- 
micelle architectures. The methodology was used 
to create amphiphilic A-B-C cylindrical block 
co-micelles that self-assembled into hierarchi- 
cal supermicelles. Although the methodology de- 


XLM (Pl, 4o4-b-P Ses) 


M(PFSgo-b-PDMS geo) 


M(PFS..-b-P2VP¢27) 


scribed here was based on PFS-containing BCPs, 
it should also be applicable to the emerging 
group of other crystalline-coil BCPs that un- 
dergo CDSA. This will allow access to a wide 
variety of well-defined non-centrosymmetric ar- 
chitectures with control of segment length and 
segment composition. Of particular interest would 
be the application of this approach to conju- 
gated polymer systems with different band gaps 
(22, 28), with the goal of creating heterojunctions 
via solution self-assembly. 
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A Reversible and Higher-Rate 
Li-0, Battery 
Zhangquan Peng, Stefan A. Freunberger,* Yuhui Chen, Peter G. Brucet 


The rechargeable nonaqueous lithium-air (Li-O,) battery is receiving a great deal of interest because, 
theoretically, its specific energy far exceeds the best that can be achieved with lithium-ion cells. Operation of 
the rechargeable Li-O2 battery depends critically on repeated and highly reversible formation/decomposition 
of lithium peroxide (Liz02) at the cathode upon cycling. Here, we show that this process is possible with 
the use of a dimethyl sulfoxide electrolyte and a porous gold electrode (95% capacity retention from 
cycles 1 to 100), whereas previously only partial Lis0, formation/decomposition and limited cycling could 


occur. Furthermore, we present data indicating that the kinetics of Li.02 oxidation on charge is 
approximately 10 times faster than on carbon electrodes. 


typical rechargeable nonaqueous Li-O, 
A cell is composed of a Li metal anode 

(negative electrode), a nonaqueous Li* 
conducting electrolyte, and a porous cathode 
(positive electrode) (/—6). Operation of the cell 
depends critically on O, being reduced at the 
cathode to O27, which combines with Li* from 
the electrolyte to form LizO, on discharge, and 
the reverse reaction occurring during charging 
(J-6). Early investigation of nonaqueous Li-O 
cells focused on the use of organic carbonate— 
based electrolytes, which have since been shown 
to decompose irreversibly at the cathode on dis- 
charge to form products such as lithium formate 
(HCO3Li), lithium acetate (CH3CO>L41), lithium 
propyl-dicarbonate [C3H¢(CO>Li),], and lithium 
carbonate (Li.CO3) with little or no evidence 
of Li,O, formation (7—//). Later work turned 
to ethers—while initially promising and certainly 
more stable to reduced O2 species than organic 
carbonates, ethers exhibit increasing electro- 
lyte decomposition upon cycling (figs. S1 to S3) 
(11-13). These data show that whether combined 
with carbon or nanoporous gold (NPG) elec- 
trodes, ethers, including dimethoxyethane (DME), 
are increasingly unstable upon cycling. For exam- 
ple, in the case of DME-based electrolytes after 
only 10 cycles, 20% of the discharge products 
arise from electrolyte decomposition (fig. S2). 
Such side reactions can be difficult to detect by 
x-ray diffraction because of poor crystallinity 
of the decomposition products. Similar decom- 
position of tetraethylene glycol dimethyl ether 
(tetraglyme)—based electrolytes has been re- 
ported (/2) and is also shown to occur at a NPG 
electrode (fig. S3). These results demonstrate 
that ethers do not support the necessary re- 
versible Li,O, formation/decomposition upon 
cycling that is essential for operation of the Li-Oz 
cell. A very recent paper comes to a different 
conclusion from the papers cited above and from 
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our own results concerning the cyclability of the 
tetraglyme/carbon interface (/4). 

We constructed a Li-O> cell that contained 
an electrolyte composed of 0.1 M LiClO, in di- 
methyl sulfoxide (DMSO) and a NPG cathode 
[for details, see the supplementary materials and 
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methods section (/5)]. The cell was operated in 
1 atm of O. Oxygen reduction electrochemistry 
at the DMSO/planar-carbon interface has been 
studied previously (/6). Discharge/charge curves 
for the cell on cycles 1, 5, 10, and 100 are shown 
in Fig. 1. Most of the initial capacity (95%) is re- 
tained after 100 cycles. However, as is now recog- 
nized from the work of many authors, the ability 
to recharge a Li-O) cell is not proof that the reac- 
tions occurring at the positive electrode are rever- 
sible and involve Li,O, formation/decomposition 
(7-13). To demonstrate that the reaction at the 
porous cathode is Li.O, formation/decomposition, 
we collected Fourier transform infrared (FTIR) 
spectroscopy data at the end of discharge and 
charge as a function of cycle number (1, 5, 10, 
and 100) (Fig. 2A). At the end of each discharge, 
we observed Li2O>. Its formation was corroborated 
by in situ surface-enhanced Raman spectroscopy 
(SERS) carried out on a cell with a sapphire win- 
dow for transmission of the Raman laser beam 
(Fig. 2B) (77). A few small peaks, in addition to 
the peaks arising from Li.O>, are apparent in the 
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Fig. 1. Charge/discharge curves (left) and cycling profile (right) for a Li-O cell with a 0.1 M LiClO,-DMSO 
electrolyte and a NPG cathode, at a current density of 500 mAg ~ (based on the mass of Au). Because the 
capacities are given per gram of Au, which is ~10-fold heavier (more dense) than carbon, 300 mAhg * 
(based on the mass of Au) would, for the same porous electrode but formed from carbon, correspond to 
~3000 mAhg~ (based on the mass of carbon). FTIR spectra collected upon charging at points A and B are 


shown in fig. S7. 
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Fig. 2. Vibrational spectra of a NPG cathode at the end of discharge and charge in 0.1 M LiClO,-DMSO. 


(A) FTIR and (B) SERS spectra. 
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FTIR spectra at the end of discharge, at ~880, 
1420, 1490, and 1600 cm |. These peaks could 
be assigned to a mixture of LixCO3 and HCO>Li, 
with no other species being detected, such as from 
S containing decomposition products (Fig. 2A). 
The presence of HCO>Li was confirmed by wash- 
ing the NPG electrode at the end of discharge 
with DO and examining the resulting solution 
by 'H nuclear magnetic resonance (NMR), fol- 
lowing the procedure described previously (7, /2). 
HCO3D in the 'H NMR indicated the presence 
of HCO3Li in the discharged electrode before 
washing. 

Batteries and chemical/electrochemical re- 
actions in general exhibit some degree of side 
reaction, particularly on the first cycle (e.g., Li-ion 
batteries). The key question is the extent of such 
side reactions: whether this is sufficiently small 
compared with the amount of electrolyte used in 
practical cells and whether the extent increases 
with cycling. We prepared mechanical mixtures 
of Lip0 with LinpCO3 and LinO2 with HCO3Li of 
varying ratios, collected their FTIR spectra, and 
constructed calibration curves (figs. S4 and S5); 
from these curves, we determined the fractions 
of Li,CO3 and HCO,Li in the FTIR spectra in 
Fig. 2 to be <1%. The proportion of Li,O; at the 
end of discharge exceeds 99%, and there is no 
evidence of this proportion decreasing on cy- 
cling. We used 'H and ‘°C NMR to investigate the 
presence of any solution-soluble decomposition 
products. Sensitivity to detection of such species 
depends on the ratio between the amount of 
electrolyte and the amount of discharge product 
(15). We collected spectra after 100 cycles to con- 
centrate any decomposition products, but we did 
not detect evidence of any such species (fig. S6). 
We used differential electrochemical mass spec- 
trometry (DEMS) to obtain further confirmation 
that discharge was overwhelmingly dominated 
by LinO> formation. The DEMS process involves 
in situ mass spectrometric analysis of the gases 
consumed/evolved during a slow-sweep (0.1 
mVs ') linear potential scan (Fig. 3A) (/5). The 
only gas detected on discharge was O>. There was 
no evidence of CO, SO3, or SO3 (i.e., no evidence 
of electrolyte decomposition), in contrast to other 
electrolytes. The high purity of Li,O, formation 
implies that for every two electrons (e ) passed, 
one O, molecule should be consumed; that is, the 
charge-to-mass ratio should be 2e /Oz. The O» 
consumption on discharge follows the cell 
current (Fig. 3A), and the charge-to-mass ratio is 
2e /Oz on each discharge (Table 1). 

The FTIR spectra collected at the end of 
charge on cycles 1,5, 10, and 100 are shown in 
Fig. 2A, from which it is clear that the product 
formed on discharge has been removed upon 
charging. This observation was confirmed by the 
SERS data in Fig. 2B, where the characteristic 
peak for Li,O, at ~800 cm |, observed at the 
end of discharge, is absent from the spectrum at 
the end of charge. To probe the oxidation in 
more detail, we used DEMS on charging for 
cycles 1, 5, 10, and 100 (Fig. 3B). Only O2 was 
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Fig. 3. DEMS of a NPG cathode during (A) discharge and (B) charge in 0.1 M LiClO,-DMSO. Linear potential 


scans at 0.1 mVs~ 


* (corresponding to a low rate of discharge/charge) between 2.3 and 4.0 V were used. 


n’ indicates the gas-consumption/-generation rates during discharge and charge. 


detected, confirming that Li,O. had formed on 
the previous discharge and also that the electro- 
lyte, even in the presence of LinO>, is stable on 
oxidation. Upon examining the linear voltam- 
metry (current-voltage curve) in Fig. 3B, several 
peaks are evident, corresponding well with the 
peaks for O, evolution. A similar heterogeneous 
oxidation process spanning a range of potentials 
has been observed previously in porous electrodes 
and has been ascribed to oxidation of Li,O, being 
easier in certain pores than in others (//). We col- 
lected FTIR spectra (fig. S7) during charging, 
at the points shown in Fig. 1. The spectra in- 
dicate that the quantity of Li.O, is diminishing 
with increasing state of charge, but that some 
LipO} is still present at point B. The ratio of charge 
passed to O, evolved on charging is given in 
Table 1. As was the case for discharge, the ratio 
is close to 2e /O> on each cycle, in accord with 
charging involving oxidation of Li,0, without 
electrolyte degradation. Over the collection of 
up to 100 cycles, the results from FTIR, SERS, 
NMR, and DEMS all demonstrate that the cell 
cycles by the reversible formation/decomposition 
of LinO>. 

To investigate whether the dominance of 
Li,O, formation/decomposition is due to the salt, 


Table 1. Ratios of the number of electrons to 
oxygen molecules upon reduction (discharge) and 
oxidation (charge). 


Discharge Charge 
Cycle number 10> 10> 
1 2.01 1.98 
5 1.99 2.04 
10 2.02 1.98 
100 2.03 2.01 


solvent, or electrode substrate, we constructed cells 
in which LiClO, was replaced by LiTFSI [lithium 
bis(trifluoromethanesulfonyl)imide] and separately 
in which the NPG electrode was replaced by car- 
bon black (Super P, Timcal, Bodio, Switzerland). 
In the former case, the load curves and FTIR spec- 
tra at the end of discharge and charge on cycling 
are the same as those for LiClO, (fig. S8), 
demonstrating that changing the salt does not in- 
fluence the results. In contrast, replacing the NPG 
electrode with carbon does adversely affect the 
results (Fig. 4). The FTIR at the end of discharge 
on carbon shows a greater proportion of side re- 
action, LixCO3, and HCO Li (Fig. 4). Using cal- 
ibration plots, as before, we estimate the total 
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Fig. 4. (A) Discharge-charge curve of a Li-O, cell employing a composite 
carbon cathode at 70 mAg* (normalized to the mass of carbon). (B) FTIR 
at the end of discharge. (C) DEMS of the porous carbon cathode during 
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Fig. 5. (A) Discharge-charge curve of a Li-O, cell employing a gold-loaded 
composite carbon cathode at 70 mAg~* (normalized to the mass of car- 
bon). (B) FTIR at the end of discharge. (C) DEMS of gold-loaded porous 


proportion of side-reaction products to be ~15%. 
The carbon itself may be unstable, as suggested 
recently (/8), although the HCO ,Li formation 
is likely to involve DMSO. Further work is re- 
quired to investigate the origin of the side pro- 
ducts formed at the DMSO/carbon interface. The 
charging curve (Fig. 4) is also different from the 
NPG electrode (Fig. 1). The voltage rises rapidly, 
passes through a very small step at 3.3 V to 
~3.75 V, then slowly to 4 V. The higher charging 
voltage for carbon versus NPG occurs despite 
the current density (based on the true surface 
area of the electrode) being less for the carbon 
electrode than for NPG: 0.1 wAcm ” (true surface 
area of carbon) compared with 1 uAcm ” (true 
surface area of NPG). Note that the kinetics of 
the different electrodes is discussed below. The 
DEMS data in Fig. 4 confirm a very minor de- 
gree of O> evolution at 3.3 to 3.4 V, with most 
of the O, being evolved above 4 V and a sub- 
stantial amount above 4.5 V, where it is accom- 
panied by CO, evolution, which is indicative of 
electrolyte oxidation. The DEMS data for the 
Super P carbon cathode in Fig. 4 contrast strong- 
ly with those for the NPG electrode in Fig. 3B, 
where O> evolution commences at ~3.2 V and all 
of the O> is evolved below 4 V (Table 1 confirms 
that all of the O2 expected from the Li,O2 present 
is evolved). These results indicate that NPG low- 
ers the charging voltage (i.e., NPG is more effec- 
tive than carbon at promoting Li,O> oxidation). 
The DEMS results for the Super P cathode 
are in accord with the difficulty in cycling a cell 
with a carbon electrode. Incorporation of a-MnO, 
nanowires into a porous carbon electrode proved 


www.sciencemag.org SCIENCE VOL 337 3 AUGUST 2012 


B Cc 
9 Super P/PTFE \ 
c car oe Oo 
ce 
Zire A] & 
eo emt = 

OOO eee eee ee aa Ss 


2000 1500 1000 500 


Wavenumber (cm) 


Absorbance W 


2000 


1500 
Wavenumber (cm) 


1000 500 


effective in promoting Li,O, oxidation in previ- 
ous studies (/9). However, reduction of O> in 
the DMSO electrolyte at a Super P electrode in- 
corporating o-MnO, nanowires resulted in the 
formation of LiOH on the first discharge, as 
noted in previous studies in ethers, possibly aris- 
ing from —OH groups on the surface of the 
oxide (/2). Therefore, we constructed a com- 
posite electrode made of Super P with nano- 
particulate gold (75). The results are shown in 
Fig. 5. As for Super P alone, the side products 
are LixCO3 and HCO>Li, which together ac- 
count for ~15% of the discharge products. Charg- 
ing occurs at a somewhat lower voltage than 
without the Au, as noted previously (20), but 
overall nanoparticulate Au/carbon composite 
electrodes are less effective at promoting Li,0 
oxidation than NPG electrodes. This is espe- 
cially evident when comparing the DEMS data 
in Figs. 3, 4, and 5: Whereas only a small pro- 
portion of O, is evolved at the carbon electrode 
below 4 V (Fig. 4), the proportion increases 
somewhat with the addition of nanoparticulate 
Au to the electrode (Fig. 5), but it is much greater 
for NPG (Fig. 3). 

An important challenge for Li-O) cells is to 
increase the kinetics of the electrode reaction, 
which is generally observed to be relatively low, 
especially for the charging process (/—6, 21-33). 
The rate used in Fig. 1 is 500 mAg! of gold 
(equivalent to ~5000 mAg ' for a carbon elec- 
trode of the same volume), which translates into 
1.0 pAcm * based on the total active surface area 
of the NPG electrode (50 m’g ') (15). The rate 
used for the carbon-based electrodes (Figs. 4 and 
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carbon cathode [Super P:PTFE:Au 8:1:1 (m/m)] during charging in 0.1 M 
LiClO,-DMSO; scan rate 0.1 mVs~+. n’ indicates the gas-generation rates 
during the charging process. Note the electrode area is %4 of that in Fig. 4. 


REPORTS [ 


so= 
E 
4.0 > 
c 
2.0 
0.0 


Curre 


3.0 


4.5 


3.5 4.0 
Cell voltage (V) 


charging in 0.1 M LiClO,-DMSO; scan rate 0.1 mVs~*. The composition of 
the cathode is Super P carbon:polytetrafluoroethylene (PTFE) 8:2 (m/m). 
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5) is 70 mAg ", a typical value from the literature 
(19, 24), which translates into a true current 
density of 0.1 uAcm ~, based on a surface area 
for Super P of ~60 m’g '. Therefore, the true 
rate at the electrode surface is 10 times greater 
in the case of NPG than is typical for carbon 
electrodes. Yet, this is still a relatively low rate 
overall. The discharge potential is hardly af- 
fected by the change in rate, but as noted above, a 
substantial proportion of the charging occurs at 
lower voltages for NPG than for carbon or Super 
P/nanoparticulate Au, despite the rate being 10- 
fold higher for NPG. This result underlines the 
fact that oxidation of Lix0. on NPG is much 
more facile than on carbon. Other factors, such 
as electrode porosity, can also affect rate per- 
formance, and this will differ between NPG and 
Super P. Recent studies of the electrocatalysis of 
O; evolution on charging Li,O> suggest that there 
is little evidence of true electrocatalysis (24). We 
do not claim electrocatalysis is necessarily 
taking place here, but we simply observe that 
the charging voltage is lower and kinetics is faster 
compared with a carbon electrode. Although the 
capacity obtained with NPG in Fig. 1 may look 
relatively modest at ~300 mAhg ', it must be 
noted that this value is normalized to the mass of 
gold and is equivalent to 3000 mAhg ! of carbon. 

In conclusion, we have shown that a Li-O, 
cell composed of a DMSO-based electrolyte and 
a NPG electrode can sustain reversible cycling, 
retaining 95% of its capacity after 100 cycles 
and having >99% purity of Li,O, formation at 
the cathode, even on the 100th cycle, and its 
complete oxidation on charge. The charge-to- 
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mass ratio on discharge and charge is 2e /Oo, 
confirming that the reaction is overwhelmingly 
Li,0, formation/decomposition. We have also 
shown that such electrodes are particularly effec- 
tive at promoting the decomposition of LipOz, 
with all the Li,O2 being decomposed below 4 V 
and ~50% decomposed below 3.3 V, at a rate ap- 
proximately one order of magnitude higher than 
on carbon. Although DMSO is not stable with 
bare Li anodes, it could be used with protected Li 
anodes. Nanoporous Au electrodes are not suit- 
able for practical cells, but if the same benefits 
could be obtained with Au-coated carbon, then 
low-mass electrodes would be obtained, although 
cost may still be a problem. A cathode reaction 
overwhelmingly dominated by Li,O, formation 
on discharge, its complete oxidation on charge 
and sustainable on cycling, is an essential pre- 
requisite for a rechargeable nonaqueous Li-O, 
battery. Hence, the results presented here encour- 
age further study of the rechargeable nonaqueous 
Li-O) cell, although many challenges to practical 
devices remain. 
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Aerosols from Overseas Rival 
Domestic Emissions over North America 


Hongbin Yu,2:2* Lorraine A. Remer,? Mian Chin,” Huisheng Bian,”? Qian Tan,~* 


Tianle Yuan,2? Yan Zhang”* 


Many types of aerosols have lifetimes long enough for their transcontinental transport, making 
them potentially important contributors to air quality and climate change in remote locations. We 
estimate that the mass of aerosols arriving at North American shores from overseas is comparable 
with the total mass of particulates emitted domestically. Curbing domestic emissions of particulates 
and precursor gases, therefore, is not sufficient to mitigate aerosol impacts in North America. 
The imported contribution is dominated by dust leaving Asia, not by combustion-generated 
particles. Thus, even a reduction of industrial emissions of the emerging economies of Asia could 
be overwhelmed by an increase of dust emissions due to changes in meteorological conditions 


and potential desertification. 


tmospheric aerosols emitted or produced 
in one region can be transported thou- 
sands of miles downwind to affect other 
regions on intercontinental or hemispheric scales 
(J—3). Because of such intercontinental transport, 
emission controls over North America may be 
offset partly by the import of aerosols from re- 
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mote international sources. Assessing the aerosol 
intercontinental transport and its impacts on at- 
mospheric composition, air quality, and climate 
in North America is thus needed from both sci- 
entific and policy perspectives. Currently, such 
assessment for the most part has been based on 
global model simulations (4-6) and remains very 
uncertain (7). 

Today’s constellation of passive and active 
satellite sensors are providing three-dimensional 
distributions of aerosol properties on a global 
scale, with improved accuracy for aerosol optical 
depth (AOD) and enhanced capability of char- 
acterizing aerosol type (8). Such advances have 
made it feasible to elucidate the evolution of aero- 
sol plumes during the cross-ocean transport (9, /0) 
and generate measurement-based estimates of 


aerosol intercontinental transport on seasonal 
and annual time scales (//, /2). 

We integrated satellite measurements from the 
Moderate-resolution Imaging Spectroradiometer 
(MODIS) (73) and the Cloud-Aerosol Lidar with 
Orthogonal Polarization (CALIOP) (/4) in order 
to characterize the three-dimensional distribu- 
tions of trans-Pacific dust transport (/5). We used 
MODIS measurements of total AOD and fine- 
mode fraction over ocean to separate AOD for 
dust, combustion aerosol, and marine aerosol (/6). 
Combustion aerosol refers to aerosol products 
from the burning of both biomass and fossil fuels, 
which include sulfates, nitrates, and carbona- 
ceous particles. The partitioning of AOD into 
these three categories accounts for fine-mode 
components of marine and dust aerosol (/5, /6). 
The CALIOP measurements are used to char- 
acterize seasonal variations of aerosol extinction 
profiles, with dust being separated from other 
types of aerosols by the measured depolarization 
ratio (15). The climatology of springtime (March- 
April-May, or MAM) AOD (2001-2007) and 
vertical profile of extinction (2006-2010) over 
the North Pacific basin are shown in Fig. 1. Spring 
is the most active season for trans-Pacific trans- 
port of combustion aerosols and dust because 
of the combined effect of active extratropical cy- 
clones and the strongest mid-latitude westerlies. 
However, trans-Pacific transport occurs through- 
out the year (12). Over the period we examined 
here, interannual variations of AOD are generally 
small for dust in the outflow and inflow regions 
(8 and 4%, respectively), but larger (17 and 18%, 
respectively) for combustion aerosol. The rela- 
tively large interannual variations for combustion 
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aerosols are likely attributable to the large in- 
terannual variations of Eurasian fires, such as the 
intensive fires in 2003 and 2008 (/7). 

As evident in Fig. 1, elevated dust and com- 
bustion AOD stretches more than 10,000 km 
from East Asian to North American coasts. The 
CALIOP climatology of vertical profiles in the ex- 
ported region as shown in Fig. 1 reveal that dust 
transported to the northwestern Pacific extends in 
the vertical from the surface to more than 10 km, 
which is generally consistent with the multilay- 
ered structure as documented in previous studies 
(18-20). During the trans-Pacific transport, dust 
in the lower layers is largely removed, whereas dust 
in the upper layers escapes removal. This results 
in the elevated dust layers at 2 to 6 km in the north- 
eastern Pacific. For nondust profiles, marine aero- 
sols contribute to the large aerosol extinction in the 
marine boundary layer. 

The dust extinction or AOD in a layer derived 
from MODIS and CALIOP was converted to 
mass concentration by using the prescribed 
mass extinction efficiency for dust based on in 
situ observations (2/). The dust mass flux was 
then calculated by using zonal wind speed from 
the Goddard Earth Observing System—Data As- 
similation System (GEOS-DAS), version 4. 
The MODIS-CALIOP-integrated (denoted as 
MODIOP) estimates of dust fluxes for 2005 are 
shown in Fig. 2A. On an annual basis, 140 Tg 
(1 Tg = 10!* g = 10° tons) of dust is exported 
from East Asia. After the trans-Pacific transport, 
56 Tg of dust reaches the west coast of North 
America. The remaining 84 Tg is deposited into 
the North Pacific and/or transported to the Arc- 
tic. The CALIOP vertical profiles allow us to 
estimate dust fluxes in different altitude ranges 
(fig. S1). The trans-Pacific dust transport occurs 


Fig. 1. A satellite-based clima- 


predominantly above the boundary layer. Only 
~3 Tg or 5.4% of dust enters North America 
through the lowest 2-km layer, and it is this frac- 
tion that may be most relevant to air quality, 
mainly in the west part of North America. 

A satellite perspective of the contribution of 
foreign sources to the aerosol amount over North 
America is shown in Fig. 2B, defined as a box 
25° to 60°N, 75° to 125°W. The total annual import 
of aerosols amounts to 64 Tg, including 56 Tg of 
dust via trans-Pacific transport, 4 Tg of combus- 
tion aerosols also via trans-Pacific transport (/2), 
and an additional 4 Tg of Saharan dust via trans- 
Atlantic transport (north of 20°N) (//). Clearly, 
the imported aerosol mass is dominated (88%) 
by the trans-Pacific transport of dust. The total 
mass of imported particles is nearly equivalent 
to the estimated total (69 Tg) of domestic emis- 
sions and production of particulate matter in 
North America (/5), as defined as particles with 
diameters less than 10 um (PMj9) and shown in 
Fig. 2C. The trans-Pacific dust has not only 
Asian (49 to 77%, depending on season) but also 
African (15 to 34%) and Middle Eastern (7 to 
17%) origins (fig. S2), as shown by the Goddard 
Chemistry Aerosol Radiation and Transport 
(GOCART) and the Global Modeling Initiative 
(GMI) model simulations (/5). Similarly, the 
trans-Pacific pollution originates from not only 
East Asia (54 to 72%) but also Europe (22 to 
34%) and South Asia (5 to 13%) (fig. S2). 

It is difficult to quantify the uncertainties as- 
sociated with these measurement-based estimates 
of aerosol mass flux. Previous work (/2) suggests 
that uncertainties of the absolute magnitude of 
the mass flux estimated in similar manner are on 
an order of a factor of 2, with major uncertainty 
introduced from uncertainty in retrieved AOD 


Dust AOD 
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and aerosol transport height. In this study, two 
improvements have been made that should re- 
duce uncertainties. First, aerosol transport heights 
are better known because of the multiyear CALIOP 
data, whereas previously aerosol transport heights 
were largely assumed on the basis of very limited 
measurements. Second, the AOD product has 
been corrected for cloud contamination. We an- 
ticipate that the uncertainty has been reduced, 
but it remains challenging to quantify. If we as- 
sume that the CALIOP measurements of vertical 
profile shape are perfect and cloud contamination 
correction reduces AOD uncertainty by 20%, a 
ballpark estimate that bounds mass flux uncer- 
tainty would be 55 to 100%. Even if these improve- 
ments do not reduce uncertainty of the absolute 
magnitude of the estimates, consistency of the 
method allows for the identification of seasonal 
variations, meridional distributions, and relative 
differences between export and import locations 
or transport efficiency. 

The satellite-based estimates of trans-Pacific 
dust mass flux differ from those computed by 
the GOCART (22) and the GMI (23) models, 
with major differences occurring in seasonal var- 
iations and meridional distributions, as shown 
in Fig. 3. The annual dust flux exported from 
East Asia is estimated to be about 133 and 122 
Tg from GOCART and GML respectively, which 
is 5 to 13% lower than the satellite estimate. 
The dust flux inflow to North America is calcu- 
lated to be 45 and 30 Tg by GOCART and GMI, 
respectively, which represents an underestimate 
of 18 and 46% as compared with the satellite- 
based estimate. The lower transport efficiency by 
GMI results is presumably from more efficient 
dust scavenging by convection in the GMI model 
than in GOCART. 
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To demonstrate the impact of these imported 
particles on North American regional climate, we 
estimated the direct radiative effect (DRE) over 
North America contributed by the imports (/5). 
To do so, we had to characterize the evolution of 
the imported aerosol amount over the continent 
itself rather than the ocean, and we did this by 
using GOCART and GMI results of source- 
receptor relationship experiments (/5). Aerosol 
optical properties were characterized according 
to the Aerosol Robotic Network (AERONET) 
measurements (24). Collectively, the imported 
pollution and dust introduces a reduction of 
cloud-free net solar radiation of —1.7 [—1.5, -1.9] 
and —3.0 [-2.6, -3.4] Wm * at top-of-atmosphere 
(TOA) and surface, respectively, which repre- 
sents 31% (24 to 40%) and 37% (28 to 48%) of 
the total DRE over North America (Fig. 4). In 
spring, the imported aerosols make the greatest 
contribution to the DRE (fig. S5). DRE by the 
imported pollution accounts for as much as 31 
to 59% of that by the imported dust, although 
the imported dust mass is an order of magni- 
tude larger than the imported pollution aerosol 
mass. This is because the combustion aerosols 
scatter and absorb the solar radiation in a more 
effective way than does dust. Besides the aero- 
sol DREs discussed above, the imported aerosols 
could exert substantial effects in many other 
ways, such as changing atmospheric stability 
by absorbing solar radiation (25, 26), altering 
cloud and precipitation processes through 
acting as ice nuclei (27), and accelerating the 
melting of snow in the Sierra Nevada by dep- 
osition on snow (28). 

In comparison, the imported aerosols would 
have less substantial impacts on air quality of 
North America. Although the domestic emis- 
sions are all near the surface, the imported aero- 
sols are predominantly above the boundary layer, 
as previously noted. So dust may substantially 
affect near-surface aerosol concentrations only 
in parts of the western United States and Canada 
and on an episodic basis. In other regions, curb- 
ing domestic emissions should still be the most 
efficient way for controlling air pollution (5). 
This differs from imported ozone, which has lon- 
ger lifetime than aerosols and can continuously 
form via photochemistry during oceanic transport. 

Because of the long-range transport, dust 
makes a substantial contribution to AOD away 
from strong anthropogenic sources, as noted in 
Fig. 1. Interpretation of AOD for a variety of ap- 
plications, including aerosol-cloud interaction, 
should consider the possibility of a substantial 
portion of dust in the mix. 

Clearly assessing and mitigating the impacts 
of imported aerosols requires a modeling sys- 
tem that links the local, regional, intercontinen- 
tal, and global scales. Satellite measurements as 
discussed in this study provide an observational 
benchmark to evaluate and constrain the model 
simulations. Although this study focuses on the 
impacts of intercontinental transport into North 
America, aerosols emitted and produced in North 
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Fig. 2. (A) Satellite-based estimate of dust mass flux in East Asia outflow and North America inflow. (B) 
The import of aerosols to North America is 64 Tg/a, including trans-Pacific dust and pollution aerosols and 
trans-Atlantic dust, is comparable with (C) the annual emissions and productions of aerosols of 69 Tg/a 
from major domestic sources in North America. Primary PM emissions include only anthropogenic sources 
(excluding prescribed fires). 
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Fig. 3. Comparisons of satellite (MODIOP) and model (GOCART and GMl) estimates of dust export flux 
from the Asian continent (A and C) and dust import flux to North America (B and D). Meridionally 
integrated dust mass fluxes are shown in (A) and (B) with seasonal distinction, and meridional dis- 
tributions of seasonal dust mass fluxes are shown in (C) and (D), with boxes and error bars representing 
mean and range of seasonal mass flux, respectively. 
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TOA Surface aerosol DREs. Dust emissions can respond to 


climate changes, such as changes of wind, pre- 
cipitation, and vegetation. It is thus essential to 
5 acquire better understanding of the interactions 
between dust and climate. 
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Aerial Photographs Reveal 
Late—20th-Century Dynamic Ice Loss 
in Northwestern Greenland 


Kurt H. Kjaer,** Shfaqat A. Khan,” Niels J. Korsgaard,” John Wahr,? Jonathan L. Bamber,* 
Ruud Hurkmans,* Michiel van den Broeke,® Lars H. Timm,’ Kristian K. Kjeldsen,* 

Anders A. Bjork,’ Nicolaj K. Larsen,° Lars Tyge Jorgensen,’ 

Anders Fzerch-Jensen,’ Eske Willerslev* 


Global warming is predicted to have a profound impact on the Greenland Ice Sheet and its 
contribution to global sea-level rise. Recent mass loss in the northwest of Greenland has been 
substantial. Using aerial photographs, we produced digital elevation models and extended the time 
record of recent observed marginal dynamic thinning back to the mid-1980s. We reveal two 
independent dynamic ice loss events on the northwestern Greenland Ice Sheet margin: from 1985 

to 1993 and 2005 to 2010, which were separated by limited mass changes. Our results suggest 

that the ice mass changes in this sector were primarily caused by short-lived dynamic ice loss 

events rather than changes in the surface mass balance. This finding challenges predictions about 
the future response of the Greenland Ice Sheet to increasing global temperatures. 


ass loss from the Greenland Ice Sheet dynamic ice loss (DIL) that are forced by fluc- 
is a complex function of processes related — tuations in atmospheric and oceanic energy input 
to surface mass balance (SMB) and__(/). SMB is the difference between accumula- 


tion from solid precipitation (snow) and mass 
loss from ablation (ice melt and sublimation). 
DIL is related to marine-terminating outlets due 
to the marginal breakup of floating ice tongues and 
to subsequent accelerated flow caused by de- 
creased buttressing and reduced basal drag, resulting 
in thinning (decreasing ice surface elevations) 
(2-4). The relative role of SMB to DIL in con- 
tributing to marginal ice mass loss remains con- 
tentious (5—7). 

Only limited observational evidence of ice 
mass changes exists before the 21st century, when 
space-based observations from interferometric syn- 
thetic aperture radar (InSAR), intensity tracking 
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on SAR images, GRACE (Gravity Recovery and Together with data from the Global Positioning Greenland Ice Sheet (5, 8—/0) (Fig. 1), suggest 
Climate Experiment), and ICESat (Ice, Cloud System (GPS), these data, when interpreted as __ potentially severe consequences for global sea- 
and land Elevation Satellite) became available. a sustained and accelerating induced loss of the __ level rise (9, //—/3). However, the current records 
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Fig. 1. Catchment-wide mass change of the Greenland Ice Sheet extracted from —_in monthly sets of spherical harmonic coefficients. Coefficients are transformed into 
GRACE for 2003-2011, in units of centimeters per year of water thickness, inferred surface mass coefficients, used for computing surface mass on a 0.5° x 0.5° grid 
from consecutive 2-year periods (from April to April). The gravity data are provided — and smoothed with a Gaussian smoothing function with a 250-km half-width (25). 
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Fig. 2. Total surface elevation changes (dh) derived from DEMs generated the mean for 1961-1990. (C) dh SMB for the 1985—2005 period. (D) dh 
from aerial photographs recorded in 1985, ICESat data from 2005, and ATM —SMB for the 2005-2010 period. Oceanic temperature stations (ts’s 1 to 3) 
data from 2005 and 2010. (A) dh for the 1985-2005 period. (B) dh for the are marked on the map, together with air temperature records from mete- 
2005-2010 period. For the same area, the total surface elevation change due _orological stations in Upernavik, Kitsissorsuit, and Pituffik. Results are displayed 
to SMB processes was derived from RACMO2, using SMB anomalies from __ in Fig. 4. 
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suffer from the lack of multidecadal observation- 
al data, making any such interpretation tentative 
(9, 12).We extended the record of DIL back almost 
threefold (1985-2010) for northwestern Green- 
land, using a digital elevation model (DEM) de- 
rived from aerial photographs. 

Figure 2 shows the cumulated elevation dif- 
ference (dh) during 1985-2005 and 2005-2010 
for the northwest margin of the Greenland Ice 
Sheet. Vertical aerial photographs served as the 
primary source for the elevation model from 
1985 (supplementary materials) (fig. S1). We used 
these data to derive a 25 x 25—m gridded DEM 
with elevation referenced to the height above the 
ellipsoid (WGS84). Digital elevation products 
from aerial photographs are limited to areas below 
the snow line, because the low contrast for im- 
agery of snow prevents data sampling. Conse- 
quently, the 1985 DEM reaches a maximum of 
40 to 50 km inland of the 1985 ice margin fron- 
tal position. Comparative DEMs were derived 
from laser altimetry data recorded in 2005 and 
2010: ICESat GLA12 Release 31 data (/4), 
complemented by NASAs Airbome Topographic 
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Fig. 3. North-to-south—striking ice marginal transect along the northwest 
Greenland Ice Sheet superimposed on elevation difference (dh in meters) 
values from 1985-2005 and 1985-2010, as well as glacier length changes 
(dl in kilometers) for the same ice frontal sections. The transect is a smoothed 
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Mapper (ATM) flight lines, which were especially 
dense in 2010 (/5) (supplementary materials). The 
mean vertical accuracy of the 1985 DEM on ice is 
estimated to 4.1 m, based on validation with the 
ATM laser altimetry data on ice-free land, with an 
inherent vertical accuracy of 0.2 m (figs. S2 and 
S3). We interpolated the observed thinning values 
to a 25-m grid resolution. Figure $4 shows the 
predicted uncertainties associated with the inter- 
polated thinning values shown in Fig. 2, A to D. 
We find pronounced thinning along the entire 
northwest ice sheet margin over the past 25 years, 
ranging from tens of meters over nonchannelized 
areas to 100 to 150 m at a majority of outlet 
glaciers (Fig. 2, A and B). Thinning is apparent in 
both the 1985-2005 and 2005-2010 periods, 
although the detailed thinning pattern is somewhat 
different across the different glacier outlet systems 
(figs. S5 to S7). 

Figure 3 shows a transect mirroring the ice 
margin from north to south, where the ice ele- 
vation changes (dh) are shown above the x axis, 
and the corresponding ice margin retreat (dl) is 
shown below the axis, for every 500 m along 
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the transect. Three interesting observations are 
revealed. First, different tributaries within a sin- 
gle ice stream system can exhibit different rates 
of thinning and calving-front retreat. For the 
Upemavik ice stream, for example, the southern 
tributary shows considerable thinning and frontal 
retreat between 1985 and 2005 (fig. S5), whereas 
the other three tributaries experience only limited 
elevation change. Subsequently, in 2005-2010, 
the northern tributary shows a pronounced 5500 m 
of retreat and vertical lowering of ~150 m. The 
most recent event also coincides with the speed- 
up of several glaciers along the northwest coast 
of Greenland (/0). Second, for most glaciers, pre- 
2005 thinning and margin retreat were succeeded 
by further mass loss and retreat after 2005. This is 
particularly evident for the Alison glacier and its 
northern neighboring glacier, which show max- 
imum thinning of ~90 and 150 m, respectively, 
for 1985-2005 and 1985-2010 (Figs. 2 and 3 and 
fig. S6). Third, the lowering of glacier surfaces 
was commonly stronger during the second event. 
The Sverdrup glacier north of Kjer and Steenstrup 
glaciers retreated 2500 m in the period 1985-2005, 
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line 200 m inland from the 2010 ice margin. The transect provides a spatial 
resolution of 500 m along the ~2000-km ice sheet margin, providing roughly 
4000 frontal positions. Each frontal position is measured perpendicular to the 
ice sheet margin from a static point placed on the transect. 
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while the surface lowering amounted to merely 
10 m (fig. S7, area 3). The front continued to 
retreat an additional 1000 m between 2005 and 
2010, while the decrease in surface elevation 
accelerated, with an additional 80 m of lowering. 

In order to separate DIL from SMB, we used 
SMB values for the exact same coverage and 
periods as the 1985 DEMs, from the Regional 
Atmospheric Climate Model v.2 (RACMO2), 
which is based on the High Resolution Limited 
Area Model (HIRLAM), with physical processes 
adopted from the global model of the European 
Centre for Medium-Range Weather Forecasts 
and modified to reflect surface conditions on the 
Greenland Ice Sheet (/6—/8) (fig. S4). Figure 3 
displays the cumulative SMB anomalies along 
the ice marginal transect, translated to elevation 
differences with the use of a modeled firn density 
based on an empirical relationship with firn tem- 
perature (19, 20) to enable a direct comparison 
between surface changes. The former are in gen- 
eral much smaller than the total observed elevation 
change and have been subtracted from the DEM 
results. All dh values above a few tens of meters are 
correlated with fast-flowing areas of the ice mar- 
gin (0), which in turn match areas of conspicuous 
glacier retreat. The implication is that the signif- 
icant thinning of the northwest ice margin was 
mainly driven by DIL, which is supported by recent 
ICESat estimates (5) and velocity mapping (/0). 

Using GRACE for the northwest drainage 
basin, we find an annual mass loss rate of -46.4 + 
8.9 Gt year | within the most recent period 2005— 
2010, which is comparable to previous estimates 
obtained from the northwest drainage basin using 
GRACE and ICESat (Table 1). The DEM results 
show the importance of the marginal area in mass 
balance estimates: 77% of the total mass reduc- 
tion is accounted for by the marginal zone rel- 
ative to the whole drainage basin, which amounts 
to 35.8 + 10.3 Gt year (the total mass loss from 
the colored region shown in Fig. 2), relative to 
46.4 + 8.9 Gt year | (the GRACE estimate of the 
total northwest mass loss). 

We observe rapid dynamic induced ice loss 
during 2005-2010 of 25.5 + 10.4 Gt year! (the 
total mass loss along the marginal area, minus the 
SMB contribution), which dominates the total ice 
loss rate of 35.8 + 10.3 Gt year '. However, the 
data also reveal substantial DIL between 1985 
and 2002, which in total is larger than the 
observed DIL from 2005 to 2010. GRACE data 
show that the ice mass loss in the region was 
insignificant between 2003 and 2005 (Fig. 1A), 
which constrains the early loss event to have 
occurred before 2003. It is likely, though, that 
most of this occurred over a shorter time period. 
ATM laser altimetry results from flights in 1994 
and 1999 show, even though their coverage is 
limited, that a substantial part of the surface 
lowering occurred before those years. For the 
Gade, Rink, and Kjer glaciers, for example, the 
ATM data indicate that the entire 1985-2002 
elevation difference occurred before 1994 (Table 
1 and figs. S1, S9, and S10). Also, data during 


Table 1. Mass change estimates from the northwest ice margin and northwest drainage basin used in 
this study. AirDEM1985, aerophotogrammetrical DEM, 1985; ERS, European Remote Sensing satellite; 


n.a., not applicable. 


Volume change Trend/mass 
Period (km?) (Gt year~*) Ice loss Method/sensor 
Northwest ice margin 
1985-2005 248 + 41 114419 Total AirDEM1985, ATM, ICESat 
17 +2 -0.8+0.1 SMB RACMO2 
231+ 41 —10.6 + 1.9 DIL AirDEM1985, ATM, ICESat, RACMO2 
2005-2010 190 + 56 —35.8 + 10.3 Total AirDEM1985, ATM, ICESat 
63 +9 —11.6 + 1.7 SMB RACMO2 
127 + 58 —25.5 + 10.4 DIL AirDEM1985, ATM, ICESat, RACMO2 
Northwest drainage basin 
1992-2002 3.0 + ma. Total ERS-1 and -2* 
2002-2009 —35.0 + 4.7 Total ICESatt 
2002-2009 -41.1+8.1 Total GRACEt 
2002-2009 —38.9 + na. Total GRACEt 
2003-2007 —33.0+ na. Total ICESat§ 
2002-2007 —29.0 + 9.0 Total GRACEI| 
2002-2010 -34.5+5.4 Total GRACE 
2005-2010 —46.4 + 8.9 Total GRACE 


*DS 8 of Zwally et al. (27). 
Zwally et al. (27). 


tRegion 6 of Ewert et al. (28). 


1995-2010 from a continuous GPS receiver 
installed at Thule Airbase suggest huge ice loss 
during 2005-2010; however, no significant 
changes occurred during 1995-2005 (Fig. 4). 
The GPS station was established to determine the 
vertical crustal motion due to the unloading of ice 
from nearby glaciers. The GPS data demonstrate 
constant uplift during 1995-2005, followed by 
acceleration in July 2005. This indicates that the 
most recent DIL event started in July 2005, 
whereas the first event occurred before 1995. 
Based on the combined ATM and GPS data, we 
conclude that the entire early ice mass loss 
occurred over 8 years (1985-1993), and we 
obtain a rate of 26.6 + 4.7 Gt year ', which 
matches the 25.5 + 10.4 Gt year ' rate of the most 
recent ice mass loss event (2005-2010). Thus, 
the south-north expansion of recent mass loss 
is not unprecedented, and the DIL could be 
reoccurring on a multidecadal time scale. 
Measurements of mean annual sea surface 
temperature (SST) from Melville Bugt show 
positive temperature anomalies that partially co- 
incide with ice loss events in 1985-1994 and more 
significantly in 2005-2010, suggesting ocean 
warming as a potential trigger for the widespread 
glacier acceleration (Fig. 4) (/, 21, 22). How- 
ever, the lack of high-resolution SST data, espe- 
cially in coastal areas where the marine glaciers 
terminate, prevents a quantitative assessment of 
the impact of ocean warming. We also find that 
higher summer air temperatures (recorded at 
three stations) in northwest Greenland coincided 
with the most recent mass loss events, implying 
that part of the ice loss was caused by increased 
surface melting. The rather modest response in 
SMB as compared to the observed annual in- 
crease in air temperature of +0.20°C year in 
the Melville Bay region of northwest Greenland 


fRegion 10 and 50% of region 9 of Chen et al. (29). 
IIRegion 8 of Wouters et al. (30). No numbers are from the present study. 


§DS 8 of 


from 1981 to 2010 reflects the fact that much of 
the atmospheric warming occurs in the winter, 
with limited impact on the SMB (23). Detailed 
analysis of the SMB constituents during the 
past decade has furthermore demonstrated that 
changes in precipitation patterns from higher to 
lower accumulation rates around 2005 in north- 
west Greenland explain much of the interannual 
variability and the rapid transition to stronger 
negative mass balances (24). During the first 
event, changes in the SMB did not contribute 
significantly to the mass loss (Fig. 4A), and ocean 
warming was probably the main factor to trig- 
ger a dynamic ice loss event. However, during the 
second event, SMB comprised ~33% of the total 
mass loss in the marginal zone (Table 1), suggest- 
ing that the Greenland Ice Sheet is becoming in- 
creasingly sensitive to atmospheric warming. 
Our results demonstrate that northwestern 
Greenland, a key area for rapid ice sheet mass 
changes (9), experienced two DIL events in the 
past three decades. This implies that mass change 
of the northern Greenland Ice Sheet is not only a 
result of predictable surface processes over dec- 
adal time scales, but is foremost due to 3- to 5-year 
DIL events that are neither regionally systematic 
nor monotonic, despite a possible common 
oceanic forcing. Until this spatial and temporal 
variability in ice sheet dynamics has been resolved 
in ice sheet models, we will not be able to real- 
istically predict future sea-level contributions from 
the Greenland Ice Sheet. Analysis of historical 
aerial photographs has the potential to explain the 
patterns of short-lived dynamical ice loss and, in 
the case of the Greenland and Antarctica Ice 
Sheets, can extend back to the 1930s and 1940s, 
when extensive aerial mapping took place. Such 
analysis may further provide a new observational 
standard for the temporal and spatial variability of 
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Fig. 4. Ice mass changes and climate records from 1985-2011. (A) Mass loss estimate from this study, 
separated into two distinct events: 1985-1993 and 2005-2010. (B) Monthly averages of GPS vertical 
displacements and their assigned errors at Thule. We fitted a trend to the June 1995—June 2005 data and 
removed it from the entire time span, to focus on the changes in the trend after 2005 (supplementary 
materials). The solid lines show the best-fitting linear term to the data during June 1995—June 2005 
(which has been set to 0.0 mm year) and a trend of 5.9 + 0.2 mm year ~ to data during July 2005— 
February 2011. (C) Mean annual SST anomaly from the International Research Institute for Climate and 
Society (http://Aridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn_SmithOlv2/. 
monthly/.ssta/). The SST is relative to a 1971-2000 baseline. Brown line, ts 1; green line, ts 2; red line, 
ts 3. For the site location, see Fig. 2C. (D) Mean summer [June, July, and August (JJA)] air temperature 
from Upernavik (red), Kitsissorsuit (black), and Pituffik (blue) meteorological stations (26). Orange shows 


a 3-year running mean. 


the ice sheet response that must be met in order to 
inspire confidence in calculations of the future ice 
sheet contribution to sea-level rise. 
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Piwi-interacting RNAs (piRNAs) are small RNAs required to maintain germline integrity and 
fertility, but their mechanism of action is poorly understood. Here we demonstrate that 
Caenorhabditis elegans piRNAs silence transcripts in trans through imperfectly complementary 
sites. Target silencing is independent of Piwi endonuclease activity or “slicing.” Instead, piRNAs 
initiate a localized secondary endogenous small interfering RNA (endo-siRNA) response. 
Endogenous protein-coding gene and transposon transcripts exhibit Piwi-dependent endo-siRNAs 
at sites complementary to piRNAs and are derepressed in Piwi mutants. Genomic loci of piRNA 
biogenesis are depleted of protein-coding genes and tend to overlap the start and end of 
transposons in sense and antisense, respectively. Our data suggest that nematode piRNA clusters 
are evolving to generate piRNAs against active mobile elements. Thus, piRNAs provide heritable, 
sequence-specific triggers for RNA interference in C. elegans. 


arily conserved role in germline transposon 
silencing in animals. Caenorhabditis elegans 
encodes two Piwi family proteins, PRG-1 and 


T= Piwi-piRNA pathway has an evolution- 
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Fig. 1. A single antisense piRNA site is sufficient for target silencing in vivo. (A) 
Fluorescence microscopy (GFP-H2B) and differential interference contrast (DIC) 
images of adult hermaphrodites. Scale bar, 20 um. (B) Flow cytometry analysis 
of control sensor strain (green) and piRNA sensor strain in wild-type (red) or prg-1 
(n4357) mutant background (blue) as in (A). (C) Germline GFP-H2B expression 
of the 21UR-1349 piRNA sensor. (D) Flow cytometry analysis of the 21UR-1349 
piRNA sensor strain in wild-type (red) and prg-1 mutant (blue). (E) Profiles of 
small RNA high-throughput sequencing reads with unique match to the sensor 


PRG-2, although PRG-2 has likely little or no 
function (/, 2). PRG-1 and piRNA expression is 
restricted to the male and female germ line. The 
piRNAs of C. elegans are 21 nucleotides in length 
with a 5’ uracil (21U-RNAs) (/—4). In C. elegans 
piRNAs have a sequence motif, situated ~40 base 
pairs (bp) upstream of each piRNA locus, that 
is thought to be required for piRNA biogenesis 
(2, 3). A challenge in the field is to understand 
the mechanism(s) by which piRNAs act on their 
targets. Proposed functions for Piwi-piRNA com- 
plexes include the RNA interference (RNAi) 
like slicing of RNA transcripts (5—7), transcript 
deadenylation (8), and de novo DNA methylation 
(9, 10). Here we identify the targeting mecha- 
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nism and the endogenous targets of C. elegans 
piRNAs. 

We generated C. elegans strains carrying green 
fluorescent protein (GFP)-histone H2B fusion 
transgenes into which we inserted a short sequence 
complementary to that of an endogenous piRNA 
(21UR-1) or its reverse complement, hereafter re- 
ferred to as the piRNA sensor and control sensor, 
respectively (see fig. S1 and supplementary text) 
(/1). Whereas the control sensor expressed nu- 
clear, chromatin-associated GFP throughout germ- 
line development, GFP expression was silenced 
in animals carrying the piRNA sensor transgene 
(Fig. 1, A and B). piRNA sensor silencing was 
dependent on prg-/. In contrast, prg-2 did not 
show an effect (fig. S2 and supplementary text). 
An independent sensor for the unrelated endog- 
enous piRNA 21UR-1349 confirmed these results 
(Fig. 1, C and D). 

We analyzed small RNA populations in the 
sensor strains by high-throughput sequencing 
(Fig. 1E) (/7). We detected a set of small RNAs 
that map unambiguously to the piRNA sensor 
mRNA in antisense orientation, mostly within 
~20 bp of the piRNA target site. These small RNAs 
were predominantly 22 nucleotides in length with 
a 5’ guanosine, characteristic features of second- 
ary endo-siRNAs, also referred to as 22G-RNAs 
(Fig. 1F). 22G-RNAs represent the most abundant 
class of endogenous small RNAs in C. elegans, 
are RNA-dependent RNA polymerase products, 
and have a 5’ triphosphate (/2—/4). The set of 22G- 
RNAs that map in close proximity to the piRNA 
target site was dependent on prg-/ and absent 
in the control sensor (Fig. 1E). We validated the 
high-throughput sequencing data using Northern 
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relative to the target site (indicated in gray). Colors correspond to 5’ nucleotides 
as indicated in the color key in (F). Positive and negative y axes correspond to 
antisense and sense reads, respectively. (F) Length and 5’ nucleotide identity of 
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tion of mRNAs (/5) or cotranscriptional gene reg- 
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primary transcript and mRNA are up-regulated in 
prg-I mutants, consistent with cotranscriptional 
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regulation of the piRNA (Fig. 1H). 

To investigate the role of endo-siRNAs in 
piRNA-mediated gene silencing, we screened a 
set of 24 siRNA pathway genes. Mutants were 
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transgene GFP expression through fluorescent mi- 
croscopy (Fig. 2A and fig. S3, A and B), flow cy- 
tometry (fig. S3, C and D), Northern blotting (fig. 
S4), or high-throughput sequencing (fig. S5). We 
found that a specific subset of siRNA pathway 
genes is required for piRNA-mediated silencing 
and encodes pathway components, including three 
putative helicases (MUT-7, DRH-3, MUT-14), 
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siRNAs, and several “‘worm’’-specific Argonaute 
proteins (WAGOs) (/7) (fig. S6, A and B). Al- 
though several strains with mutations in multiple 
WAGOs are defective in piRNA sensor silenc- 
ing, hrde-1/wago-9 is the only single-mutant 
WAGO strain defective in piRNA sensor silenc- 
ing (Fig. 2A and fig. $3). PRG-1 is necessary 


A wild-type prg-1 Cc 
wo 0.05 40 wo 0.05 40 x ok 
8 0.04 30 8 0.04 30 a 2 16 
S 0.03 » 20 S 0.03 » 20 Ba gs, 2 
F 0.02 B49 5 0.02 8 10 ee $s ° 
® 0.01 eee 2 0.01 ae Ou ES 4 
6 0.00 = 40 ‘S 0.00 = 40 GE 9 
oO {o) > ay No 
® 0.01 3 © 0.01 8 ag 
a 30 a 30 sx 74 m 
€ 0.02 xe € 0.02 2 oD 3 
2 0.03 20 2 0.03 20 DS 
S 0.04 10 S 0.04 10 = - 
ft 05 < o.05 0 oO 16 
-100 () 100 ars 22 -100 () 100 18 22 30 = = = = 7 = 
Position relative to Sequence ish [nt] Position relative to Sequence length [nt] oS Fr NO FY 
piRNA match [bp] piRNA match [bp] Number of mismatches (MM) 
e . D * * 
wild-type prg-1 a 16 a 
2 g & 12 
Zz zm Loy 
8 a © $e | 
@ O} 0} ee 
5 N NX Os o 
N N x oO 
8 = = sa 74 
= = ob 8 
E 7) n DS 
Zz 2 2 gs -12 
° 2 Osi 
oS a S208 263 er oe 
Bees & 


1MM 
2MM 
38MM 


= 
= 
So 


2MM 
3MM 


= 
= 
So 


Fig. 3. piRNAs initiate a localized secondary siRNA response against endog- 
enous transcripts. (A) Average profiles of collapsed small RNAs mapping 
uniquely to imperfect genomic piRNA matches (one to three mismatches) in 
wild-type (left) and prg-2 mutant (right). Top and bottom panels to the right 
of each profile illustrate characteristics of antisense and sense small RNAs, 
respectively. (B) Number of genomic piRNA matches (left) and percentage of 
matches with uniquely mapping 22G-RNAs in wild type (middle) and prg-1 
(right). Black and white bars correspond to piRNAs and matched controls, 
respectively. Bars for control sequences indicate medians, error bars the range 


piRNA upstream motif score 


of values obtained for 20 cohorts of control sequences. Numbers above bars 
indicate the fold-difference between piRNAs and controls. (C) Difference in 
22G-RNAs mapping uniquely within 20 bp of genomic piRNA matches be- 
tween prg-1 and wild type. Shown are boxplots of the difference in 22G-RNA 
reads after square root transformation (box indicates interquartile range, plot 
extends from 5th to 95th percentile). Asterisks indicate statistical signifi- 
cance (P < 0.001, two-sided Wilcoxon rank-sum test). (D) As in (C) with genomic 
piRNA matches grouped according to motif score of complementary piRNA (as 
proxy for abundance). 


www.sciencemag.org SCIENCE VOL 337 3 AUGUST 2012 


REPORTS 


575 


Downloaded from www.sciencemag.org on August 2, 2012 


REPORTS 


A 


MARINER2_CE 
CEREP1A 
MARINCE1 
TURMOIL1 
CER16-|_CE 
CER10-LTR_CE 
Tc3 
Chapaev—-2_CE 
NeSL-1 
PALTA3_CE 
CER3-I_CE 


= wv 


300 
wild-type 


te) 
300 


Y53F4B.5 
B0250.8 
bath-45 
F16B4.6 

Zfp-1 
D2045.2 
F55A3.6 

C04G2.10 

R11A8.1 
W03G1.8 
W03H9.2 


500 
wild-type 


0 
500 


prg-1 
0 


500 5 


wild-type 
o- 


bath-45 SHEE 


576 


Chapaev-1_CE 
MARINER3_CE 
LONGPAL3 
CER8-I_CE 

IR4 
PALTTTAAA3 
NDNAX3_CE 
CEMUDR2 
CER15-I_CE 
CER10-I_CE 
CELE45 
HAT4_CE 
CER16-2-I_CE 
LONGPAL2 
PALTTAA1_CE 
LINE2H_CE 
HELITRONY3_CE 
CELE1 
MIRAGE1 


0.0 


wild-type 


-0.8 -2 -4 


300 4 


04 


CEREP 1A 


Le | 


Change in 22G-RNA density 
at piRNA target sites 


Fold-change prg-1 vs wild-type 


=o 
a oO 
Wiz 
wi & 
[S) 
= 


protein-coding exon (+ 


TURMOIL1 


(+) 
protein-coding exon (—) 
protein-coding gene start (+) 
protein-coding gene start (—) 
protein-coding gene end (+) 
protein-coding gene end (-) 
pseudogene (+) 
pseudogene (-) 
pseudogene start (+) 
pseudogene start (—) 
pseudogene end (+) 
pseudogene end (-) 

DNA transposon (+) 

DNA transposon (-) 

DNA transposon start (+) 
DNA transposon start (—) 
DNA transposon end (+) 


DNA transposon end (-) 


log,-fold enrichment HD wi 


4 0 4 


Chapaev-2_CE 
LINE2H_CE 
pie-1 


C. elegans C. briggsae 


li % ig * * 


* 


Ly * 


AC8.7 
AC8.12 
C18H2.2 
AC8.3 
AC8.10 
Bo001.6 
W03H9.3 
C46C2.3 
fbxb-85 
ceh-20 
F37H8.2 
kif-1 
Y71A12B.10 
prg-1 
his-24 
Y67D8C.6 
pvf-1 
Y57G11C.499 
F32B6.9 
srh-1 
T11F9.10 
FO9E5.14 
T02G5.4 
fkb-8 
Y73F8A.26 
nfm-1 
Y79H2A.4 
fbxa—203 
nhr-229 
Y76B12C.8 
C46G7.3 
F44F4.3 
B0284.3 
T04D1.2 
girx-5 
RO7H5.11 
C38D9.2 
C30G12.1 
TO8B2.4 
Y75B8A.19 
gly-13 
F41G4.7 


0 


Change in 22G-RNA density 


500 
wild-type 


te) 
500 


prg-1 
(0) 


wild-type 


500 4 


zfp-1 (F54F2.2b) BHEHHH Hi 


500 4 


wild-type 


te) 
500 4 


prg-1 


0) 
Y75B8A.19 ff 


Fold-change prg-1 vs wild-type 


-8 


bath-45 
C18H2.2 
nfm-1 


at piRNA target sites 


G 


C. briggsae C. elegans 
No. of transposon subfamilies No. of transposon subfamilies 
for) cs np np PS QD np > > nO 
o Oo Oo Oo Oo Oo Oo o Oo oO Oo Oo 
2 & NV yb ££ OD ie) ak a ro 
o o o oO o o o o oO Oo oO o 


Relative distance from 
transposon start [bp] 


Full-length DNA transposon 


Y75B8A.19 


pan-1 
pie-1 


Relative distance from 
transposon end [bp] 


Fold-change compared to wild-type 


1kb 


prg-1 
prg-1; gfp::prg-1 
prg-1 
prg-1; gfp::prg-1 


prg-1; gfp::prg-1 DAH 
prg-1; gfp::prg-1 DAH 


F54F2.2b F54F2.2a 


Fig. 4. Endogenous piRNA targets 
and piRNA evolution. (A) Candidate 
transposon targets ranked by change 
in 22G-RNA density at target sites 
between prg-1 and wild type. Trans- 
posons selected for qRT-PCR valida- 
tion are in red. Antisense 22G-RNA 
profiles are shown for selected ele- 
ments with target sites indicated above 
each profile as explained in the color 
key. (B) Candidate protein-coding tar- 
gets as in (A). (C) qRT-PCR analysis 
of candidate transposon targets with 
fold-changes normalized to actin. Er- 
ror bars are SEMs, asterisks denote 
P < 0.05 (two-sided t test). (D) qRT- 
PCR analysis of candidate protein- 
coding targets. (E) qRT-PCR analysis 
of targeted (F54F2.2b) and nontar- 


geted (F54F2.2a) transcripts from the zfp-1 locus. Data were normalized to wild type. (F) Enrichment and depletion of genomic piRNA matches overlapping features 
of interest. Red and blue indicate increased or reduced number of matches for piRNAs compared to control sequences, respectively. Asterisks indicate statistical 
significance (adjusted empirical P < 0.05). Start and end refer to the first and last 50 bp of the annotated feature, respectively. Pseudogene annotation was only 
available for C. elegans. (G) piRNA matches against start (left) and end (right) of DNA transposons. Profiles indicate the number of transposon subfamilies with a 
perfect piRNA match in at least one full-length genomic copy. Positive (blue) and negative (red) y axes correspond to sense and antisense matches, respectively. 
Dashed lines correspond to maximal allowed distance between an upstream sequence motif and piRNA 3’ end. 


3 AUGUST 2012 VOL 337 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on August 2, 2012 


for both piRNA expression and sensor-specific 
22G-RNA expression. In contrast, the identified 
siRNA pathway genes act downstream of piRNA 
expression and are required only for the expres- 
sion of piRNA sensor-derived 22G-RNAs (figs. 
S4 and S5). We conclude that a specific endo- 
siRNA pathway acts as a downstream effector 
of the piRNA pathway. 

The Ping-Pong piRNA amplification loop in 
insects (18) and vertebrates requires endonucle- 
ase or slicing activity for biogenesis of at least 
a subset of piRNAs (7, 79). PRG-1 contains an 
evolutionarily conserved DDH motif (catalytic 
triad) that confers endonuclease or slicing activ- 
ity to some Argonaute superfamily proteins (20), 
and recombinant PRG-1 appears to have some 
slicing activity in vitro (figs. S7 and S8 and sup- 
plementary text). To test the requirement for 
PRG-1 catalytic activity in vivo, we generated two 
transgenes expressing wild-type GFP—PRG-1 
or GFP—PRG-1 DAH mutant fusion proteins (fig. 
S89). In prg-/ mutants, both wild-type and DAH 
mutant GFP—PRG-1 were sufficient to rescue 
piRNA expression (fig. $4). To address wheth- 
er the catalytic triad of PRG-1 is required for 
piRNA-mediated silencing of targets, we gen- 
erated a second 21UR-1 piRNA sensor strain 
(cherrysensor) expressing mCherry-H2B. Al- 
though the cherrysensor was desilenced in a 
prg-1 mutant background, both wild-type GFP— 
PRG-1 and GFP—PRG-1 DAH restored silenc- 
ing of the cherrysensor to the same extent (Fig. 
2B). This was also true in the prg-/;prg-2 dou- 
ble mutants (fig. S10). In addition, both wild- 
type and DAH mutant GFP—PRG-1 rescued the 
fertility defects of prg-] mutants (fig. S11). Fi- 
nally, we generated a panel of mutated piRNA 
sensors and find that two mismatches are toler- 
ated throughout the target sequence for PRG-1— 
dependent sensor silencing, including mismatches 
at positions 10 and 11 that are required for slicing 
(fig. S12). We conclude that PRG-1 slicing is not 
required in vivo. 

To investigate whether piRNAs target endog- 
enous transcripts, we considered piRNA matches 
in the C. elegans genome, allowing for up to three 
mismatches. For 16,003 piRNAs, we identified 
a total of 681,746 sites (additional data tables S1 
and $2). We found that PRG-1—dependent 22G- 
RNAs localize in close proximity to imperfect 
piRNA matches, recapitulating our observations 
for the piRNA sensor (Fig. 3A and fig. S13). To 
assess how many of these represent functional 
target sites, we compared genomic matches of 
piRNAs to those of matched control sequences. 
In wild-type animals, approximately 4.2, 2.6, 2.0, 
and 1.7% of the 0, 1, 2, and 3 mismatch sites ex- 
hibit unambiguously mapping 22G-RNAs, cor- 
responding to an enrichment of 1.6, 1.4, 1.5, and 
1.2 compared to control sites, respectively (Fig. 
3B). In prg-] mutants, the percentage of genomic 
piRNA matches with 22G-RNAs was comparable 
to that of control sites. The distribution of piRNA 
matches (and those with 22G-RNAs) across the 
genome resembled that of controls, except for 


an enrichment of perfect piRNA matches in the 
two piRNA clusters on chromosome IV (figs. S14 
and S15). 

To further investigate mismatch tolerance of 
piRNA targeting, we considered genomic piRNA 
matches with up to five mismatches. We observed 
that levels of PRG-1—dependent 22G-RNAs de- 
creased with an increasing number of mismatches 
(Fig. 3C). Levels of PRG-1—dependent 22G-RNAs 
were greater at sites with four compared to five 
mismatches, suggesting that in some cases, sites 
with up to four mismatches can be sufficient for 
the synthesis of 22G-RNAs. We also observed 
that levels of 22G-RNAs depend on piRNA abun- 
dance (Fig. 3D). 

We identified candidate endogenous tar- 
gets by searching for antisense piRNA matches 
in annotated protein-coding genes, pseudogenes, 
and transposons, allowing for up to three mis- 
matches (additional data tables S3 to S5). We 
found that in prg-7 mutant animals, 22G-RNAs 
antisense to candidate targets showed a stron- 
ger reduction at target sites (within 20 nucleo- 
tides) compared to regions distant from target 
sites (fig. S16). Microarray analysis showed that 
mRNA expression differences between prg-/; 
prg-2 mutant and wild-type animals were more 
strongly correlated with changes in 22G-RNAs 
at target sites compared to the whole transcript 
(fig. S16). 

We ranked transposons and protein-coding 
genes by the decrease in target-site—associated 
22G-RNA density in prg-] mutant compared 
to wild-type animals and examined individual 
candidate targets (Fig. 4, A and B). Transposase 
mRNA from Tc3 is desilenced in prg-/ mutants, 
and Tc3 exhibits PRG-1—dependent 22G-RNAs 
against its terminal inverted repeats (TIRs) but 
no matching piRNAs (J, 2). We identified three 
piRNAs with imperfect complementarity to the 
consensus sequence of Tc3, all of which map to 
the TIRs, suggesting that these piRNAs target 
Tc3 elements in trans. We chose five transposable 
elements (CEREP1A, MARINCE1, TURMOIL], 
Chapaev-2_CE, and LINE2H_CE) and six protein- 
coding genes (bath-45, zfp-1, C18H2.2, nfm-1, 
Y75B8A.19, and pan-1) with a strong reduction 
in target-site—associated 22G-RNAs for analysis 
by quantitative reverse transcription—polymerase 
chain reaction (qRT-PCR) (Fig. 4, C to E). Six 
of these candidates showed statistically signif- 
icant increased expression in prg-/ mutants (P < 
0.05, two-tailed ¢ test). We tested the require- 
ment of an intact catalytic triad and found that 
both wild-type and DAH mutant GFP—PRG-1 
restored silencing of zfp-1 (F54F2.2b) in prg-/ 
mutants, whereas an independent isoform lack- 
ing target-site-associated 22G-RNAs (F54F2.2a) 
showed no change in expression (Fig. 4E). In ad- 
dition, expression of a PRG-1—dependent 22G- 
RNA against zfp-/ (F54F2.2b) was restored by 
both wild-type and DAH mutant GFP—PRG-1 
(fig. S4). Thus, piRNAs target endogenous tran- 
scripts in trans for silencing, independently of 
slicing activity. 


REPORTS 


Our findings raise the question of how piRNAs 
and target sites arise during evolution. The ma- 
jority of the 16,003 C. elegans piRNAs (96%) 
map to unique locations in the genome and are 
depleted of protein-coding genes (2). We con- 
firmed that piRNA loci are depleted of protein- 
coding genes in both C. elegans and the related 
nematode species C. briggsae when compared to 
loci of matched control sequences (Fig. 4F). How- 
ever, we did not observe a depletion of pseudo- 
genes or transposons. piRNA loci showed a trend 
for depletion at the start and end of full-length 
DNA transposons in antisense and sense, respec- 
tively, and an inverse trend for enrichment at 
the start and end in sense and antisense, respec- 
tively (Fig. 4F). This signature suggests recent 
DNA transposon integrations downstream of in- 
stances of the sequence motif thought to be re- 
quired for piRNA biogenesis. Such integrations 
may result in the birth of a piRNA either sense 
to the 5’ end or antisense to the 3’ end of the trans- 
poson. In the latter case, the new piRNA has the 
potential to target and silence the mobile element. 
Indeed, the observed distances between piRNA 
locus and start or end of the transposon are 
consistent with transposon insertions down- 
stream of existing sequence motifs (Fig. 4G and 
fig. S17). A similar signature was observed in 
C. briggsae (Fig. 4G and fig. S18) even though 
neither piRNAs nor transposable elements are 
conserved between the two species. When con- 
sidering imperfect piRNA matches, we observed 
a depletion antisense to protein-coding genes (Fig. 
4F and fig. S19), suggesting that mRNA tar- 
geting is often detrimental and piRNAs and sites 
with potential for mRNA silencing undergo neg- 
ative selection. 

Our data demonstrate that C. elegans piRNAs 
silence endogenous transcripts by triggering a sec- 
ondary siRNA response (fig. S20). Although we 
find that individual mRNAs are piRNA targets, 
the physiological roles of piRNA-mediated gene 
regulation remain to be explored. RNA interfer- 
ence pathways can silence repetitive elements re- 
gardless of their sequence content but rely on the 
formation of double-stranded RNA. The piRNA 
pathway may provide an alternative defense mech- 
anism that is heritable and sequence-specific based 
on the evolution of new piRNAs against active 
mobile elements. Secondary siRNA amplification 
ensures effective silencing of abundant targets, 
resembling the Ping-Pong piRNA amplification 
cycle in other species. 
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Cuckoos Combat Socially Transmitted 
Defenses of Reed Warbler Hosts 
with a Plumage Polymorphism 


Rose Thorogood* and Nicholas B. Davies 


In predator-prey and host-parasite interactions, an individual's ability to combat an opponent 
often improves with experience—for example, by learning to identify enemy signals. Although 
learning occurs through individual experience, individuals can also assess threats from social 
information. Such recognition could promote the evolution of polymorphisms if socially 
transmitted defenses depend on enemy morph frequency. This would allow rare variants to evade 
detection. Female brood parasitic common cuckoos, Cuculus canorus, are either gray or rufous. 
The gray morph is a Batesian mimic whose hawk-like appearance deters host attack. Hosts reject 
this disguise through social learning, increasing their own defenses when they witness neighbors 
mobbing a cuckoo. Our experiments reveal that social learning is specific to the cuckoo morph 
that neighbors mob. Therefore, while neighbors alert hosts to local cuckoo activity, frequency- 
dependent social information selects for a cuckoo plumage polymorphism to thwart host detection. 
Our results suggest that selection for mimicry and polymorphisms comes not only from personal 


experience but also from social learning. 


he evolution of mimicry and polymor- 
| phisms depends on how receivers acquire 
information. In Batesian mimicry, where 
an undefended species mimics a defended (nox- 
ious or dangerous) model species, receivers first 
associate the model’s defenses with a signal 
(aposematism) and then confuse the mimic with 
the model (/). If mimicry becomes less effec- 
tive, then rare variants may have a frequency- 
dependent advantage, leading to the evolution 
of stable polymorphisms (2). These dynamics 
will depend on mixes of naive and experienced 
receivers (3), but traditionally receivers have been 
assumed to gain information only from direct 
experience (/, 4). Naive individuals can also learn 
from experienced individuals (5—7), however, 
which could lead to rapid social transmission of 
information about both dangerous models and 
mimetic disguises. Social learning is likely to be 
especially beneficial when personal learning is 
costly (5). Here, we tested whether social learn- 
ing by receivers is frequency-dependent. 
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Cuckoos (Cuculidae) are unusually polymor- 
phic [12% of species versus 3.5% of all birds 
(8)], and all polymorphic cuckoos are brood 
parasites (9). In the common cuckoo, all adult 
males are gray but females are either gray and 
ventrally barred, like males, or bright rufous 
with additional dorsal barring (/0) (Fig. 1). The 
genetics underlying this polymorphism are un- 
known, but because females are the heteroga- 
metic sex, it is likely a sex-linked trait (10, 1/). 
The gray morph mimics the sparrowhawk, Ac- 
cipiter nisus (12, 13), a dangerous predator of 
small birds. This protective mimicry is “Bates- 
ian” in the sense that the adult cuckoo is other- 
wise defenseless, but the cuckoo is not harmless 
like typical Batesian mimics because although 
its mimicry deters host attacks (/2), it facil- 
itates parasitism of host nests (/4). Hosts do not 
become less wary of gray cuckoos with increased 
direct experience [repeated encounters at their 
own nests (6, 7)]. However, if hosts observe neigh- 
bors mobbing a gray cuckoo, they take increased 
risks by closely approaching and mobbing gray 
cuckoos back at their own nest (6, 7), which 
reduces parasitism by a factor of 4 (/4). Thus, 
the gray cuckoo’s mimetic defenses become less 
effective when hosts are alerted to local cuckoo 
activity by social information. Although hosts 


also recognize the rufous cuckoo morph as a 
threat (/5), it is not known whether it is also a 
Batesian mimic [perhaps of a different model, 
e.g., kestrel, Falco tinnunculus (10)| or an im- 
perfect “jack of all trades” mimic of more than 
one predator (/). 

Why are polymorphisms common among 
parasitic cuckoos? Rufous and gray morphs of 
the common cuckoo co-occur across Europe, 
but their relative frequency varies. For example, 
at a site in Hungary 60% of females were rufous, 
whereas at a site in the Czech Republic only 
10% were rufous. At both sites, there was no dif- 
ference in host defenses toward females of the 
two morphs, and the proportion of host nests par- 
asitized by the two morphs reflected their rela- 
tive frequencies, which suggests that they gained 
equal success (/5). During the past 20 years at our 
field site in Wicken Fen, Cambridgeshire, UK, 
there have been 2 to 14 gray females each year (/4), 
but only one rufous female in two of the years. Hab- 
itat characteristics and/or Batesian model frequencies 
might mediate spatial variation in equilibrium fre- 
quencies, so detecting any frequency-dependent 
advantage to the cuckoo morphs will be difficult 
unless conditions change (/) or relative frequen- 
cies can be manipulated (/6). 

We took advantage of social learning in reed 
warbler (Acrocephalus scirpaceus) hosts to test 
the hypothesis that the female cuckoo’s poly- 
morphism thwarts recognition by receivers. We 
predicted that an increase in the apparent local 
frequency of one morph would alert host defenses 
specifically to that morph via social learning. This 
would reduce its success (/4) and give a relative 
advantage to the alternate morph. Furthermore, 
when the local risk from sparrowhawks is in- 
creased, we predicted that gray cuckoos would 
be mobbed less because of the increased danger 
of a fatal mistake. 

To test our hypothesis, we used balsa wood 
models of cuckoo morphs [gray (Cg) and rufous 
(Cr)] and a sparrowhawk (SH), similar to those 
used in previous experiments (6, /4, 1/7), to 
manipulate the public information received by 
78 nesting reed warbler pairs. First, we placed 
each model in turn next to focal pairs’ nests and 
recorded their baseline mobbing responses (man- 
dible snaps and rasp calls) for 5 min. Models of 
the two cuckoo morphs were treated similarly 
[Cg, 39/78 pairs mobbed; Cr, 30/78 pairs mobbed; 
Xa = 2.10, P = 0.15; mean mobbing responses 
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(4SE) per 5 min: Cg = 170.5 + 41.4, Cr= 139.4 + 
30.0; Paicmc (Markov chain Monte Carlo) = 
0.84] and were mobbed more intensely than the 
sparrowhawk [SH = 88.4 + 24.3; linear mixed 


reed warblers increased their mobbing response, 
and by an equal amount, but only toward the 
cuckoo morph seen at their neighbor’s nest [Fig. 
1; LMM, focal model type x neighbor model: 


model (LMM), model type: X02) = 13.78, P 
0.001] or a harmless control (figs. S1 and S2). 

After recording these baseline responses, we 
presented one of the three models to the adja- 
cent neighbor of our focal pairs. The model was 
placed next to the neighbor’s nest for 10 min, 
with reed warbler mobbing calls broadcast close 
to the model to ensure that focal birds were at- 
tracted (6). In this way, we influenced public in- 
formation about gray cuckoos, rufous cuckoos, 
or sparrowhawks, thus manipulating their rel- 
ative local threat (n = 26 focal pairs for each 
treatment). Playbacks increased neighbor mob- 
bing intensity relative to our focal birds’ base- 
line, but their relative treatment of models was 
the same: The two cuckoo morphs were again 
mobbed more than the sparrowhawk (fig. S3). 
Although this meant that opportunities for 
social learning might have been fewer with the 
sparrowhawk, the neighbor’s response never ex- 
plained any variation in our next analyses of 
focal behavior. Furthermore, at a subset of our 
nests where vegetation did not obscure our view 
of bird activity, focal birds were just as attracted 
to neighbors presented with sparrowhawks as 
cuckoos (<2 m from models; Cg, 10/13; Cr, 8/12; 
SH, 11/12; Fisher’s exact test, P = 0.38). 

We then retested our focal birds with all three 
models. In support of our first prediction, after 
witnessing their neighbors mobbing a cuckoo, 


After neighbor 
mobbed Cg 


After neighbor 
mobbed Cr 


1 a) = 23.06, P = 0.0001]. By contrast, and against 
our second prediction, sparrowhawk presenta- 
tion to neighbors had no effect on focal pair 
mobbing of gray cuckoos, or indeed any of the 
models (Fig. 1). Nonetheless, focal pairs did be- 
come more wary of approaching any model 
(Fig. 2). Conversely, seeing cuckoos at neighbors’ 
nests tended to decrease approach times (Fig. 2). 
Cuckoos lay their eggs in seconds to facilitate 
parasitism (/8), so even a small change in the 
host’s latency to approach could affect parasit- 
ism success. 

Generalized responses are advantageous when 
stimuli are highly dangerous (/, /9) but can lead 
to increased recognition errors (20, 21). If so- 
cial learning led simply to a change in response 
thresholds, then any increased response should 
have been at the expense of more false alarms. 
The specificity of the increase in reaction to the 
cuckoo morph that neighbors mobbed (Fig. 1) 
suggests that in this case, social learning in- 
volved refining cues for recognition of local 
threats. Shy individuals, for example, could be 
encouraged by the mobbing of bolder neighbors 
to make a closer inspection of a cuckoo, learning 
that it lacks some salient hawk features (hooked 
bill, talons). By refining recognition through so- 
cial experience, focal birds would then improve 
their own nest defense. The consequence of morph- 
specific learning is that the success of each cuckoo 


After neighbor 
mobbed SH 


Change in mobbing response 
8 


Cg Cr SH 


Cg Cr 


SH SH 


Cg Cr 


Model presented at own nest 


Fig. 1. Change (mean + SE) in reed warblers’ mobbing response (mandible snaps and rasp calls per 
5 min) toward model cuckoos (Cg, gray morphs; Cr, rufous morphs) and the sparrowhawk (SH) after 
observing neighbors mobbing one of these models (n = 26 focal pairs for each neighbor-model 
treatment). Only mobbing responses in gray changed significantly from baseline responses (both 
Pmmcmc < 0.0004). For baseline mobbing responses, see fig. $1. 
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morph is frequency-dependent. Any increase in 
one morph would result in local host populations 
becoming alerted to that morph, mobbing it more 
and hence reducing its parasitism success (/4). 
This would give a relative advantage to the al- 
ternate morph, which would be more likely to 
slip past host defenses. 

Our results suggest another step in complex- 
ity for the defense and offense portfolios of host 
and cuckoo (/8). Because host defenses are costly, 
both mobbing (as a first line of defense) and egg 
rejection vary in relation to local parasitism risk 
(14, 18). In response, selection acts on cuckoos 
to be secretive and a Batesian mimic to reduce 
host detection. In counterdefense, hosts widen 
their sources of information about local cuckoo 
activity through social learning (6, 7). Our re- 
sults show that cuckoos combat this by coming 
in different guises. 

Not all reed warblers, however, mobbed 
cuckoos in response to their neighbor’s infor- 
mation. Whereas 26 of 52 focal birds that ob- 
served neighbors mobbing cuckoos increased 
their mobbing response to that cuckoo morph, 
21 pairs showed no change and 5 pairs decreased 
their mobbing (Fig. 3). We tested whether dif- 
ferences in costs and benefits of using social 
information, or the quality of this information, 
might explain why some birds did not respond. 
However, neither a pair’s initial mobbing re- 
sponse, nor parasitism risk (/4), nor reproductive 
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40 
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20 


Change in approach time (s) 
fo} 


-40 
Faster Cg Cr SH 
Model mobbed by neighbors 


Fig. 2. Change (mean + SE) in approach time of 
reed warbler pairs after observing their neigh- 
bors mobbing either of the cuckoo morphs or 
a sparrowhawk [LMM, neighbor x model type: 
x" 2) = 6.32, P = 0.043]. There was no difference 
in latency to approach the three models [focal 
model type, x2) = 1.45, P = 0.48; focal model x 
neighbor model, 7(4) = 1.19, P = 0.88], so we 
have plotted the mean approach time to all 
models for n = 26 pairs for each bar. Only neigh- 
bors mobbing sparrowhawks (Pycmc = 0.051) led 
to a change in the focal birds’ approach latency 
from their baseline measure (Cg, Pucmc = 0.13; 
Cr, Pucmc = 0.58). For baseline approach times, 
see fig. S2. 
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Fig. 3. Change in mobbing response (mandible snaps and rasp calls) of focal birds (one nest per 
horizontal line) from their baseline (black dot) until after they observed their neighbors (black X) 
mobbing either (A) gray cuckoo morph, Cg, or (B) rufous cuckoo morph, Cr. These data are only 
pairs’ responses to the same cuckoo morph they observed their neighbor mobbing (n = 26 each). 
Our measure of mobbing was conservative; any mobbing response < 20 (vertical dashed line) was 


treated as no response (6). 


investment (22) explained the variation in re- 
sponse to social information (table S2). Neither 
did variation in neighbor attributes such as age, 
clutch size, or nesting stage explain differences 
in focal response (table S2). When we consid- 
ered only focal birds where we were certain 
whether they had observed their neighbor mob- 
bing, there was also no relationship between at- 
tendance at the neighbor’s nest and how likely 
they were to mob cuckoos back at their own nest 
(29 attended versus 8 not attended; generalized 
LMM, effect size = 0.43 + 0.90, Purcmc = 0.67). 

Although we cannot yet explain it, this vari- 
ation in the host’s response to social information 
has important consequences. Social learning can 
be effective as long as there are sufficient dem- 
onstrators, which allows a population to change 
rapidly as information spreads. But spatial het- 
erogeneity in host propensity to respond or learn, 
and in the local frequency of cuckoos and spar- 
rowhawks, will all influence host and cuckoo 
success. Recently, spatial heterogeneity of tar- 
gets and searchers has been shown to influence 
selection (23) and to facilitate the evolution of 
polymorphisms (24, 25). However, the possible 
ways in which information might spread among 
searchers remains unexplored, as does its role 
in the evolution of polymorphisms and mimetic 
defenses. Our results show that the success of 
both cuckoo morphs will depend not only on 
their relative frequency, but also on the hosts’ 
information landscape (26). 
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Unraveling the Life History of 
Successful Invaders 


Daniel Sol,”’** Joan Maspons,* Miquel Vall-llosera,” Ignasi Bartomeus,*? 
Gabriel E. Garcia-Pefia,’ Josep Pifiol,”* Robert P. Freckleton 


Despite considerable current interest in biological invasions, the common life-history characteristics 
of successful invaders remain elusive. The widely held hypothesis that successful invaders have 
high reproductive rates has received little empirical support; however, alternative possibilities are 
seldom considered. Combining a global comparative analysis of avian introductions (>2700 events) 
with demographic models and phylogenetic comparative methods, we show that although rapid 
population growth may be advantageous during invasions under certain circumstances, more generally 
successful invaders are characterized by life-history strategies in which they give priority to 
future rather than current reproduction. High future breeding expectations reduce the costs of 
reproductive failure under uncertain conditions and increase opportunities to explore the 
environment and respond to novel ecological pressures. 


oncern over the impact of invasive species 
on biodiversity and ecosystem function- 
ing has generated interest in understand- 
ing what makes a successful invader (/). Although 
there is evidence that species differ in their in- 
vasion potential, controversy exists regarding 
the features that differentiate successful and un- 


successful invaders (2-4). Life history—defined 
as the way organisms allocate time and energy to 
reproduction, growth and survival (5, 6)}—has 
long been at the core of the controversy. It is gen- 
erally agreed that extinction of introduced pop- 
ulations may result from either demographic 
stochasticity associated with small population 
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size or negative population growth due to failure 
to respond to novel environmental pressures (2). 
Yet how life-history characteristics affect these 
extinction risks is less clear. Classical theory 
predicts that prioritizing the reproductive effort 
confers advantages during invasions by allowing 
the population to grow faster and hence to reduce 
the period that it will be threatened by demo- 
graphic stochasticity (7, 8). Nevertheless, priori- 
tizing future over current reproduction may also 
confer benefits through a long life span and iter- 
ated reproduction, which make the introduced 
population less vulnerable to stochastic fluctu- 
ations and better able to cope with the difficulties 
posed by the novel environment (9—/2). Despite 
being rooted in robust theoretical arguments, 
confidence in each hypothesis is undermined by 
a perceived lack of empirical support (3, 4). 

To elucidate the importance of life histories 
on invasion success, we tested these two hypothe- 
ses with a global comparative analysis of past 
avian introductions. Birds are particularly suited 
for such analyses because accurate information is 
available for many introduction events, and life- 
history variation is well documented (/3). We 
assembled information on 2760 introduction 
events, comprising 428 species from 49 families, 
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47% of which were successful. The probability 
of establishment was modeled as a function of 
the species life-history traits (74) with a general- 
ized linear mixed-model (GLMM) framework, 
which controls for the nonrandom distribution of 
species across locations and nonindependence 
resulting from species being introduced to several 
locations and locations being subject to several 
introductions (/5). Results were further supported 
with demographic models and species-level phy- 
logenetic least-squares models (PGLS). 

Our analyses yield little empirical support 
for the population growth hypothesis. Of the 
traits previously used as surrogates of population 
growth, only clutch size is associated with es- 
tablishment success, when one controls for both 
taxonomic and regional effects (table S1). Con- 
trary to the hypothesis, however, species that 
lay larger clutches are worse (not better) in- 
vaders (GLMM: P= 0.002) (Fig. 1A). We also 
tested for a direct relation between establish- 
ment success and maximum population growth 
rate (Rmax), estimated by solving Cole’s equation 
(16) and with demographic models (/5). We 
found no significant association (GLMM: P > 
0.113 in all cases) (table $1), which similarly 
failed to support the hypothesis. The likelihood 
of establishment increases with the number of 
individuals introduced (/7), yet adding propagule 
size into the model does not change any of the 
above conclusions (table S1). 

The failure to find any effect of population 
growth on establishment success may reflect two 
shortcomings of the theory. The first is the as- 
sumption that demographic stochasticity is a 
major cause of extinction of introduced popula- 
tions. Models and empirical analyses indicate that 
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the curve relating propagule size to establishment 
success typically has a threshold above which 
releasing more individuals does not substantial- 
ly increase establishment success (/6). In birds, 
the estimated threshold is over 300 individuals 
(Fig. 2A), which implies that >20% of introduc- 
tions may be beyond the influence of stochasticity. 
As we restrict the analyses to those introduc- 
tions that involve a lower propagule size, the ef- 
fect of Rmax on establishment success increases 
(Fig. 2B). Even when the effect continues to be 
nonsignificant in all cases, this pattern suggests 
that growing fast is most relevant when propa- 
gule size is extremely small (78). A simple sto- 
chastic demographic model illustrates this point 
(/5). On the basis of simulated trajectories during 
100 years for 5000 introduced populations, we 
estimated the probability of establishment as a 
function of the initial propagule size for different 
population growth rates. The simulations reveal 
that high population growth rates allow the in- 
vader to avoid demographic stochasticity (Fig. 
2C), as predicted by theory (/9), but the effect 
is only noticeable when the number of individ- 
uals released is remarkably low (/8). 

The second shortcoming of the hypothesis 
is that it ignores that a high reproductive effort 
entails costs in terms of reduced survival. The 
resulting trade off defines a “fast-slow” axis of 
life-history variation from “highly reproductive 
species” (fast-lived) at one end to “survivor spe- 
cies” (slow-lived) at the other end (20). Although 
a fast-lived species can recover more rapidly from 
a small population size (fig. S1B), demographic 
models show that this advantage may be in part 
countered by an increased risk of extinction 
through population fluctuations resulting from 
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Fig. 2. (A) Relation be- 
tween establishment success 
and propagule size based on 
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historical introductions. (Inset) 
Zoom on the interval of lowest 
propagule size. The curve has 
been fitted with the function 
“nls” from the “MASS” R pack- 
age. (B) Effect size (+ stan- 
dard error) of the relation 
between establishment suc- 
cess and population growth 
rate when the analysis is re- 
stricted to introductions of, 
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ent finite population growth 
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5000 populations simulated 
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chastic demographic model. 
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same model as a function of 
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demographic stochasticity (Fig. 2D) (//). A crit- 
ical issue is therefore whether introduced species 
can maintain high reproductive rates in environ- 
ments to which they have had little opportunity 
to adapt. Theory predicts that fast-lived species 
should generally experience greater difficulties 
in novel environments than slow-lived ones, as 
they are less likely to have adaptations that buf- 
fer individuals from extrinsic factors (8, 2/). Body 
size and brain volume have been suggested to be 
such adaptations (2, 73). Although our analyses 
yield little general support for body size, they 
confirm previous findings that a large brain rel- 
ative to body size promotes establishment (Fig. 1, 
C and E; Table 1; and table S2) (22). A large 
brain is thought to assist animals in novel en- 
vironments by enhancing their ability to con- 
struct behavioral responses to novel ecological 
challenges (23). When relative brain size is in- 
cluded in the models, the fast-slow continuum ap- 
proaches significance in the direction predicted 
by the population growth hypothesis (GLMM: 
P= 0.065), and the effect of clutch size on es- 
tablishment success becomes nonsignificant (P = 
0.177) (table S1). 

Our results do not invalidate the “population 
growth” hypothesis but suggest that growing fast 
will only be advantageous in very special cases, 
when the founder population is small and when 
the ecological pressures posed by the new en- 
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Table 1. Fixed-effect and random-effect parameters in the best-ranked model accounting for variation in 
establishment success. The model is based on 635 introductions and is the result of an automated model 
selection procedure including all combinations of life-history traits and confounding variables. SE, stan- 


dard error; SD, standard deviation 


Fixed effects Estimate SE 4 P 

Brood value —2.078 0.771 -2.69 0.0071 
Propagule size 0.452 0.062 7.28 <0.0001 
Relative brain size 0.535 0.204 2.62 0.0092 
Habitat generalism 0.750 0.199 3.77 <0.0001 
Random effects Variance SD Likelihood ratio test P 

Species 1.784 1.335 39.69 <0.0001 
Country 2.989 1.729 34.83 <0.0001 


vironment are moderate (e.g., when there is en- 
vironmental matching between the regions of 
origin and introduction). It is nonetheless possi- 
ble that reproductive effort exerts greater influ- 
ence on establishment success in organisms with 
more limited capacity than birds to explore the 
environment and to develop behavioral responses 
to novel challenges. 

As an alternative to the population growth 
hypothesis, we ask whether successful invaders 
are better characterized by life-history strategies 
that prioritize future over current reproduction. 
Such a strategy relies on distributing reproductive 
effort across a number of events. This may have 


two major consequences under the uncertainties 
of a novel environment. First, it reduces the fit- 
ness costs of a reproductive failure by spreading 
the risk over several reproductive events (/0). 
Second, it allows delaying or skipping repro- 
duction and engaging in reproductive activ- 
ities only when conditions are favorable (9, 24). 
These consequences are not well described by the 
fast-slow continuum, as even relatively short- 
lived species may reduce the cost of losing a 
clutch by reproducing several times in the same 
season. A more general metric is provided by 
the brood value concept (25), which is expressed 
as logio{1/[(broods per year) x (reproductive 
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Fig. 3. Tree regression describing brood value as a function of the number of broods per year (gray 
dots) and maximum life span (in years, black dots). The graphs in the bottom show the median and 
percentiles of the brood value and invasion potential for each strategy (from $1 to $11). Differ- 
ences in brood value between strategies are all significant at P < 0.05 except for the pairs S4-S7, 


$5-S10, and S9-S10. 


life span)]}. A high brood value means that all 
reproductive effort is allocated into a few repro- 
ductive events and, hence, that each brood has 
high fitness value, whereas a low brood value 
means that the effort is distributed into many 
attempts, whether in a same season or in dif- 
ferent ones. Variation in brood value is poorly 
correlated with the fast-slow continuum and 
Rmax (fig. $1, C and D), which shows that it 
represents a somewhat different life-history axis 
(figs. S2 and S4). 

As predicted, species with low brood values 
show a higher probability of establishment than 
those with a high brood value (GLMM: -2.313 + 
0.520, z =—4.44, P< 0.0001, n = 1943 introduc- 
tion events) (Fig. 1D). The association holds 
when removing outliers (P < 0.0001) and when 
considering other factors that may also enhance 
establishment, such as high propagule size, large 
brains, climate matching, habitat generalism, and 
introduction on an island (Table 1 and tables S2 
and $3). However, there is no single strategy to 
be a successful invader (Fig. 3). Indeed, either 
species that combine several broods per year with 
a relatively short life span or those that lay a sin- 
gle clutch per year but have a very long life span 
are significantly more successful than species 
with high brood values (table S4). This may ex- 
plain why phylogenetically closely related spe- 
cies often exhibit striking differences in invasion 
potential (fig. S6). 


The observation that a strategy based on fu- 
ture reproductive returns facilitates invasion suc- 
cess integrates a variety of theories, including 
bet-hedging (/0), life history—buffering (//, 26) 
and cognitive-buffer (23) theories, which con- 
ceptualize life histories as evolutionary solutions 
to environmental uncertainties. For an invader, 
unfamiliarity and insufficient adaptation to re- 
sources, enemies, and other hazards are likely 
to increase the risk of reproductive failure (27). 
Consequently, the inability to spread the risk 
over several breeding attempts and/or to delay 
reproduction if conditions are unfavorable may 
have important costs. By adopting a future-returns 
strategy, however, individuals not only reduce 
these costs but also increase the opportunities 
for acquiring environmental information and, 
through behavioral adjustments, improve perform- 
ance on exploiting the resources and avoiding 
the enemies. 

Our results yield firm evidence for the long- 
standing, yet poorly supported, suggestion that 
life history does influence invasion success. How- 
ever, the mechanisms seem to be complex and 
different from those generally considered in the 
invasion literature, which may explain the past 
difficulties in disentangling the life history of 
successful invaders. Although our results do not 
preclude that a high reproductive effort may 
offer advantages during the invasion process, 
they highlight that, in terms of being a suc- 
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cessful invader, it can pay to have life-history 
strategies that increase the value of adults over 
the value of offspring even at the cost of re- 
duced reproduction. 
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in Vernalization 


Vincent Coustham,* Peijin Li, Amy Strange,t Clare Lister, Jie Song, Caroline Deant 


Arabidopsis thaliana accessions have adapted to growth in a wide range of climates. Variation 

in flowering and alignment of vernalization response with winter length are central to this 
adaptation. Vernalization involves the epigenetic silencing of the floral repressor FLC via a 
conserved Polycomb (PRC2) mechanism involving trimethylation of Lys?” on histone H3 
(H3K27me3). We found that variation for response to winter length maps to cis polymorphism 
within FLC. A rare combination of four polymorphisms localized around the nucleation region of a 
PHD-Polycomb complex determines a need for longer cold. Chromatin immunoprecipitation 
experiments indicate that these polymorphisms influence the accumulation of H3K27me3 in 
Arabidopsis accession Lov-1, both at the nucleation site and over the gene body. Quantitative 
modulation of chromatin silencing through cis variation may be a general mechanism contributing 


to evolutionary change. 


been defined for relatively few traits. We 

have focused on natural variation in ver- 
nalization, the acceleration of flowering by 
prolonged cold that aligns flower and seed 
development with favorable environmental 
conditions. Vernalization is an inherently quanti- 
tative process, with increasing periods of cold 
giving progressive acceleration of flowering. In 
A. thaliana, this is the result of cell-autonomous 
stochastic switching of the FZLC locus to an 
epigenetically silenced state, with longer cold 
increasing the probability of that switch occurring 
(2). Extensive natural variation exists in A. thaliana 
accessions for how much cold is required to give 
complete epigenetic silencing of FLC (2, 3). In 
some accessions, a vernalization period of 4 to 
6 weeks of cold gives incomplete FLC silencing; 
the gene then reactivates after transfer back to 
warm conditions, and flowering is delayed. This 
variation has been mapped to several major loci, 
including FLC itself (3, 4). 

To better understand the molecular basis 
of this natural variation, we focused on two 
vernalization-requiring A. thaliana genotypes: 
Lov-1, an accession collected from the northern 
range of the species in northern Sweden (62.5°N) 
(5), and FRI Col, the reference Columbia ac- 
cession containing an introgressed active FRIGIDA 
allele (6). Lov-1 requires 9 weeks of cold to fully 
saturate the vernalization requirement, thereby 
epigenetically silencing FLC and enabling acti- 
vation of the A. thaliana floral promoter FT 


T: molecular basis of natural variation has 
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(Fig. 1A). Partial vernalization of Lov-1 (4 weeks 
of cold) led to incomplete epigenetic silencing 
and reactivation of the Lov-1 FLC allele upon 
transfer of plants back to warm conditions, no 
activation of FT; and thus late flowering. In con- 
trast, 4 weeks of cold was sufficient to fully satu- 
rate the vernalization requirement in FRI Col, 
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enabling FT activation and early flowering in 
favorable conditions (Fig. 1A). 

Variation in the ability of a fixed length of 
cold to induce epigenetically stable FLC silenc- 
ing is therefore a major determinant of flowering 
time variation in these two genotypes. A sub- 
stantial fraction of this variation mapped to a 
large genomic interval including FLC (3, 4). We 
continued to fine-map the quantitative trait locus 
to an interval of 0.5 Mb containing 182 genes 
(fig. S1). After experiencing 4 weeks of cold, 
the flowering of lines carrying the Lov-1 FLC 
allele introgressed six times into the F'RI Col 
background was significantly delayed (39.5 + 
1.4 days versus 29.9 + 1.8 days for FRI Col; n = 
10). We undertook complementation experiments 
transforming Col and Lov-1 FLC ~10-kb ge- 
nomic clones into the common background FRI 


fic-2 and found that transformants carrying the 


Lov-1 FLC allele flowered significantly later after 
4 weeks of cold than did those carrying the Col 
FLC allele (Fig. 1B). In addition, the Lov-1 FIC 
expression was reactivated relative to the stable 
silencing of the Col FLC allele in a Col back- 
ground (Fig. 1C). Together, these data suggest 
that cis variation at the Lov-1 FLC allele mod- 
ulates the length of cold required to achieve the 
epigenetically stable silencing of FLC, neces- 
sary for up-regulation of expression of the floral 
promoter F'7 
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Fig. 1. FLC cis variation delays the vernalization response. (A) FLC and FT expression (solid blue line 
and red dashed line, respectively) before and after a vernalization treatment of 4 weeks (top and 
middle) or 9 weeks (bottom) followed by 0, 10, 20, and 30 days of warm (tO, t10, t20, and t30). (B) 
Top: Photograph of FRI flc-2, FRI flc-2 +FLC(Col), and FRI flc-2 +FLC(Lov-1) plants (left to right) 
vernalized for 4 weeks and then grown in warm long-day conditions for 12 days (FRI flc-2) or 30 days 
[+FLC(Col), +FLC(Lov-1)]. Bottom: Average flowering time (d, days to flower) of 10 individuals for each 
corresponding genotype. (C) FLC expression shown as a ratio of t30/t10 values after 4 weeks of 
vernalization treatment. A value greater than 1 denotes an increase in FLC expression after return to 
warm conditions. Introgression is the FLC(Lov-1) genomic region described in fig. $1 in FRI Col. Error 
bars are SEM from three biological replicates. 
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The Lov-1 and Col FLC genomic clones used 
in the complementation experiments differ by 23 
single-nucleotide polymorphisms (SNPs) and 16 
indels, all in noncoding regions (table S1 and 
Fig. 2). We generated different combinations of 
Lov-1 and Col FLC alleles to map the region(s) 
responsible for the variation in silencing. Ten 
such mix-and-match alleles were transformed 
into FRI flc-2 plants (Fig. 2). To reduce the 
effect of between-transformant variability, we 
pooled a large number of seedlings from multiple 
transformants (between 23 and 49 independent 
lines) to obtain quantitative FLC expression data 
before the cold, at the end of the cold, and after 
transfer back to warm conditions (Fig. 2 and figs. 
S2 and §3). The minimal regions of the Lov-1 FLC 
allele sufficient to confer reactivation after 4 weeks 
of cold were regions b and c, and both together 
showed a stronger reactivation (Fig. 2, constructs 
3, 8, and 9). Only four polymorphisms localize to 
these regions—two just upstream of the transcrip- 
tion start, the other two at the beginning of intron 
1. These two regions are included in the Polycomb 
silencing nucleation region, where the PHD-PRC2 


© Col-0 
@ Lov-1 


1kb 


(core PRC2 plus three PHD proteins) associates 
during the cold (7) and where H3K27me3 quan- 
titatively accumulates (/). Inclusion of other 
Lov-1 sequences, especially the promoter region 
(region a), enhanced the degree of reactivation 
(Fig. 2, compare constructs 3 and 6), but the 
polymorphisms in the promoter were not suffi- 
cient by themselves to modulate FLC silencing 
after cold (Fig. 2, construct 5). The lack of re- 
activation in construct 4 suggests that other 
combinations of polymorphisms can also influ- 
ence the silencing (Fig. 2). 

We then looked at the frequency and distri- 
bution of the four polymorphisms from regions b 
and c in a selected set of worldwide annual 
A. thaliana accessions requiring different lengths 
of vernalization (2) (table S2). At positions —121 
and +326 relative to the transcription start site, 
the Lov-1 SNP occurs with high frequency in the 
populations analyzed. The Lov-1 single—base 
pair indel at position —56 occurs with medium 
frequency, whereas the Lov-1 SNP at +598 is 
rare. The latter is present in only one other ac- 
cession, Lov-5, which had been found very close 


FLC 


intron 1 


to the Lov-1 collection site. Only two of the 
polymorphisms are significantly associated with 
vernalization response (—121 and +598; P< 0.01, 
Mann-Whitney test; table S3). However, the —121 
Lov-1 SNP (the more common type) also 
associates with flowering time in nonvernalizing 
conditions. These results suggest that the SNPs 
can independently influence flowering time in 
both nonvernalized and vernalized plants, and that 
it is the combination of specific polymorphisms 
that leads to the characteristic vernalization re- 
sponse of Lov-1. 

Analysis of the phases of vernalization in 
A. thaliana has shown that the core PRC2 is 
associated with FLC at all times: before cold, 
during cold, and after stable silencing has oc- 
curred upon return to warm conditions (7-9). 
The switching of epigenetic states is initiated by 
cold-induced formation of a PHD-PRC2 complex 
and by a localized increase in H3K27me3 in the 
nucleation region. Upon transfer to warm temper- 
ature, a subset of the PHD proteins associates with 
PRC2 over the whole locus, concurrent with a 
substantial increase in H3K27me3 over the same 
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Fig. 2. Mix-and-match FLC alleles define polymorphisms contributing to 
variation in vernalization response. (Top) FLC sequence schematic showing 
exons (black boxes), positions of SNPs and short indels (arrows), insertion 
(triangle), deletion (inverted triangle), and restriction sites used for the mix- 
and-match constructs (with restriction enzymes named). Rows 1 to 10 show 
composition of the mix-and-match constructs (white, Col sequence; black, 
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Lov-1 sequence). NR, nucleation region; CP, COOLAIR promoter. (Bottom) 
FLC expression analysis before (NV) and after a treatment of 6 weeks of 
vernalization followed by 0, 10, 20, and 30 days of warm (tO, t10, t20, 
and t30) in the 10 different mix-and-match lines. A pool of 23 to 49 inde- 
pendent T2 transformant lines was used for each construct. Error bars are 
SEM from three biological replicates. 
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region. To understand how the polymorphisms 
that map near this nucleation region might affect 
the epigenetic silencing, we analyzed H3K27me3 
accumulation over Lov-1 FLC at different stages 
of vernalization (Fig. 3). H3K27me3 levels were 


Fig. 3. H3K27me3 accumulation at FLC is de- 
layed in Lov-1. (A) H3K27me3 profile across FLC 
for Col (left) and Lov-1 (right) plants before ver- 
nalization (NV) and after 2, 4, or 9 weeks of cold. 
(B) H3K27me3 profile across FLC for Col (left) and 
Lov-1 (right) plants before vernalization (NV) and 
after 2, 4, or 9 weeks of cold plus 30 days (t30) of 
growth in warm long-day conditions. Error bars 
are SEM from three biological replicates. 


Fig. 4. Cis variation at FLC results in lower 
H3K27me3 levels. (A) H3K27me3 profile across 
FLC for nonvernalized (NV) plants and after 4 weeks 
of cold (4WV tO) in FRI Col plants or Lov-1 FLC in- 
trogressions in FRI Col background. (B) H3K27me3 
profile at FLC in regions b and c for NV and 4WV tO 
plants in FRI flc-2 +FLC(Col) pooled T2 transgenics 
(left) and FRI flc-2 +FLC(Lov-1) pooled T2 trans- 
genics (right). Error bars are SEM from three bio- 
logical replicates. 


found to be much lower over the whole Lov-1 FLC 
locus before vernalization relative to FRI Col 
(Fig. 3A), and it took 9 weeks to reach equivalent 
H3K27me3 levels in the nucleation region in 
Lov-1 versus 4 weeks in FRI Col. This led to 
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correspondingly lower levels of H3K27me3 over 
the remainder of the gene after transfer to warm 
conditions in Lov-1 FLC (Fig. 3B). We then 
checked whether the lower initial levels of 
H3K27me3 were also found in FRI Col lines 
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carrying the Lov-1 FLC allele introduced via either 
introgression or transformation. In both situations, 
H3K27me3 level was reduced before and after 
vernalization (Fig. 4), showing that the phenotype 
was a consequence of cis variation in Lov-1. 

How the sequence polymorphisms influence 
the multiple aspects of H3K27me3 dynamics 
awaits a fuller understanding of the nucleation 
process. The four SNPs are not in sequences 
with homology to known Polycomb response 
elements or in the region encoding the sense 
noncoding RNA COLDAIR (/0). However, the 
—121 and —56 SNPs do overlap with the pro- 
moter of the sense transcript and the last exon 
of a spliced variant of COOLAIR, the FZC anti- 
sense transcript up-regulated by short cold (//) 
(fig. S4). We looked at FLC antisense expres- 
sion, and although we could detect no difference 
before vernalization, we observed a higher in- 
crease in the distally polyadenylated antisense 
transcript in Lov-1 relative to that in FRI Col 
after 2 weeks of cold (fig. S5). It is intriguing 
to speculate that this form of the antisense 
transcript might antagonize Polycomb com- 
plex recruitment (/2). This could be due to sec- 
ondary structure changes caused by the —121 
SNP, as suggested by RNAfold predictions (/3). 
The —121, —56, and +326 SNPs are within a re- 
gion previously shown to be required for re- 
pression by vernalization (/4). The +598 SNP is 
within a different functional domain required for 
maintenance of the silencing (/4) and is flanked 
by two putative binding sites of B3 transcrip- 
tional regulators (/5). Thus, it is likely that the 
SNPs influence multiple aspects of the nucle- 
ation mechanism. 


Cis variation at enhancers or at transcription 
factor binding sites has played an important role 
in morphological evolution (/6). Our results 
indicate that cis polymorphism leads to quantita- 
tive modulation of a Polycomb silencing mech- 
anism and that this variation alters developmental 
timing in A. thaliana accessions. The diversity of 
targets regulated by the Polycomb system pre- 
sumably constrains changes in the trans factors 
(17, 18). Multiple polymorphisms appear to con- 
tribute to the overall effect, with some occurring 
widely and others infrequently in the population, 
and the combination of these polymorphisms 
may be important for the evolution of this trait 
(19). More generally, our work suggests that 
quantitative modulation of chromatin silencing 
mechanisms through cis polymorphisms could 
be a general mechanism underlying adaptation of 
many organisms to changing environments. Evo- 
lution of flowering time and vernalization re- 
sponse is an important component of adaptation 
in A. thaliana (20), and the extent of variation of 
this trait may well explain the much broader geo- 
graphical distribution of this species compared 
to its relatives (2/). 
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Mitochondrial Import Efficiency of 
ATFS-1 Regulates Mitochondrial 


UPR Activation 


Amrita M. Nargund,?* Mark W. Pellegrino,’* Christopher J. Fiorese,”’ 


Brooke M. Baker,? Cole M. Haynes?’“+ 


To better understand the response to mitochondrial dysfunction, we examined the mechanism 

by which ATFS-1 (activating transcription factor associated with stress—1) senses mitochondrial 
stress and communicates with the nucleus during the mitochondrial unfolded protein response 
(UPR™) in Caenorhabditis elegans. We found that the key point of regulation is the mitochondrial 
import efficiency of ATFS-1. In addition to a nuclear localization sequence, ATFS-1 has an 
N-terminal mitochondrial targeting sequence that is essential for UPR™ repression. Normally, 
ATFS-1 is imported into mitochondria and degraded. However, during mitochondrial stress, we 
found that import efficiency was reduced, allowing a percentage of ATFS-1 to accumulate in the 
cytosol and traffic to the nucleus. Our results show that cells monitor mitochondrial import 
efficiency via ATFS-1 to coordinate the level of mitochondrial dysfunction with the protective 


transcriptional response. 


itochondria import ~99% of their 
M proteome through the TOM (translocase 


of the outer membrane) and TIM 


(translocase of the inner membrane) complexes 
(J, 2). The mitochondrial protein-folding envi- 


ronment is maintained by mitochondrial mo- 


lecular chaperones whose expression levels are 
coupled to the state of mitochondrial protein ho- 
meostasis by a mitochondria-to-nuclear signaling 
pathway termed the mitochondrial unfolded 
protein response (UPR™) (3, 4). Evidence in 
C. elegans implicates the mitochondrial inner 
membrane peptide transporter HAF-1 and the bZip 
transcription factor ATFS-1 (activating transcrip- 
tion factor associated with stress—1) in UPR™ 
signaling (5). 

During mitochondrial stress, ATFS-1 accumu- 
lates in the nucleus as the result of a nuclear 
localization signal (NLS). A protein sequence 
prediction algorithm, Mitoprot II, predicted the 
presence of an N-terminal mitochondrial targeting 
sequence (MTS) as well (6) (Fig. 1A). Indeed, 
amino acids | to 100 of ATFS-1 were sufficient to 
target green fluorescent protein (GFP) to HeLa cell 
mitochondria (Fig. 1B and fig. S1). Consistent 
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Fig. 1. In the absence of 
stress, ATFS-1 is imported into 
mitochondria and degraded. 
(A) ATFS-1 schematic. NES, nu- 
clear export signal; abbreviations 
for amino acids: A, Ala; C, Cys; D, 
Asp; E, Glu; F, Phe; G, Gly; H, 
His; |, Ile; K, Lys; L, Leu; M, Met; 
N, Asn; P, Pro; Q, Gln; R, Arg; 
S, Ser; T, Thr; V, Val; Y, Tyr. (B) 
Photomicrographs of HeLa cells 
expressing ATFS-17 ?°::GFP or 
GFP stained with MitoTracker. 
Scale bar, 0.25 mm. (C) Immuno- 
blots of HeLa cells expressing GFP 
or ATFS-1* 7™..GFP after fraction- 
ation into total lysate (T), post- 
mitochondrial supernatant (S), 
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Longer exposure of the ATFS- 
1*7°.:GFP panel was required 
because of toxicity and weak ex- 
pression. (D) Immunoblots of atfs- 
1,,.:atfs-1::gfp, wild-type (WT), or 
atfs-1(tm4525) worms raised 
on control(RNAi) or lon(RNAi). 
ATFS-1 (arrowhead) and ATFS- 
1::GFP (asterisk) are marked. (E) 
Immunoblots of wild-type worms 
fed control(RNAi) or lon(RNAi) 
after cellular fractionation. En- 


E TSMTSM F 
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dogenous ATFS-1 is indicated with an arrowhead. Endogenous NDUFS3 serves as a mitochondrial marker and o-tubulin (Tub) as a cytosolic marker. (F) 
Photomicrographs of hsp-60,,::gfp transgenic worms raised on control(RNAi), lon(RNAi), or spg-7(RNAi). Scale bar, 0.5 mm. 


Fig. 2. In the presence of mitochondrial stress, unpro- 
cessed ATFS-1 accumulates in nuclei. (A) Photomicro- 
graphs of two intestinal cells in atfs-1,,::atfs-1::gfp or 
hsp-16p,::atfs-1°* °*"Y:-gfp transgenic animals raised 
on control(RNAi), spg-7(RNAi), tim-23(RNAi), or EtBr 
(100 ug/ml) with the nuclei outlined (right panels). The 
punctae (arrowheads) are endogenous autofluorescence 
from intestinal cell lysosomes. Mean percentages (+SEM) 
of worms with nuclear accumulation of ATFS-1::GFP are 
indicated (N = 3). Scale bar, 15 um. (B) Immunoblots of 
fractionated lysates from wild-type worms raised on 
control(RNAi), spg-7(RNAi), or EtBr (100 jg/ml). Lanes 
1 to 9 are 100 Wg from the described fractions; lane 10 
(asterisk) is 3 1g from the mitochondrial pellet of worms 
raised on lon(RNAi) for size comparison. Unprocessed 
and lon(RNAi)-stabilized (Ls) ATFS-1 are indicated, as are 
nonspecific bands (dot). (C) Immunoblots of fractionated 
extracts from wild-type or haf-1(0k705) worms raised on 
control(RNAi) in the absence or presence of EtBr (30 ug/ml) 
and expressing hsp-16,.::9fp"™. (D) Immunoblots of frac- 
tionated extracts from wild-type or haf-1(0k705) worms 
raised on lon(RNAi) in the absence or presence of EtBr 
(30 ug/ml) and expressing hsp-16,,::atfs-1". 
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with cleavage of the MTS, the mitochondrial- 
enriched form of ATFS-1'"'°°::GFP was smaller 
than the unprocessed form found in the post- 
mitochondrial supernatant (Fig. 1C). 

To understand UPR™ regulation in C. elegans, 
we sought to determine the localization of 
ATFS-1 in the absence of UPR™ activation. We 
were unable to detect endogenous ATFS-1 or 
the ATFS-1::GFP fusion protein with ATFS-1— or 
GFP-specific antibodies (Fig. 1D and fig. $2). Ad- 
ditionally, at/s-1,,::gfp worms expressed GFP 
strongly in all cells, indicative of an active pro- 
moter, whereas the ATFS-1::GFP fusion protein 
was nearly undetectable (fig. S3A). These data 
suggest that ATFS-1 is rapidly degraded. 

We hypothesized that ATFS-1 was degraded 
by a mitochondrial matrix protease such as the 
caseinolytic peptidase ClpP or Lon (7). To reduce 
Lon or ClpP function via RNA interference (RNAi), 
we fed worms Escherichia coli that expressed 
double-stranded RNA targeting /on or clpp tran- 
scripts for degradation. Animals fed /on(RNAi), 
but not c/pp(RNAi), accumulated endogenous 
ATFS-1 as well as ATFS-1::GFP (Fig. 1D and 
fig. S3, B and C). ATFS-1 was absent in lysates 
from atfs-1(tm4525) worms (Fig. 1D and fig. S3D), 
which were unable to activate the UPR™ (fig. 
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Fig. 3. HAF-1 modulates UPR™ 
signaling by slowing mitochondrial 


import of ATFS-1. (A) Photomicro- D Mitochondria 
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graphs of wild-type and haf-1(0k705); 
hsp-60,,::gfp worms raised on con- 
trol(RNAi), tim-23(RNAi), cco-1 
(RNAi), EtBr, or paraquat (0.5 mM). 
Scale bar, 0.5 mm. The images for 
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XN 
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S4). Jon(RNAi) did not affect azfs-/ transcription 
(fig. SSA). Furthermore, in /on(RNAi)-treated 
worms, ATFS-1 cofractionated with a known 
mitochondrial protein (Fig. 1E and fig. S3E). Un- 
like spg-7(RNAi), which impairs a mitochondrial 
protease required for electron transport chain 
(ETC) quality control and mitochondrial ribosome 
biogenesis (8), Jon(RNAi) did not activate the 
UPR™ transcriptional reporter hsp-60,,..gfp or 
impair worm development (5) (Fig. 1F). There- 
fore, in the absence of UPR™ activation, ATFS-1 
is imported into mitochondria and degraded. 

During UPR™ activation, ATFS-1::GFP ac- 
cumulated in nuclei (Fig. 2A) (5). The predom- 
inant form of ATFS-1 that accumulated during 
spg-7(RNAi) or ethidium bromide (EtBr) treat- 
ment was of a higher molecular weight than the 
form detected in mitochondria of worms raised 
on /on(RNAj) and was enriched in the postmito- 
chondrial supernatant (Fig. 2B and fig. S4C); 
these findings suggest that during UPR™ activa- 
tion, a percentage of ATFS-1 remains in the cy- 
tosol, thus maintaining its MTS. 

Mitochondrial toxins such as paraquat, which 
activated the UPR™ (Fig. 3A), are known to 
impair mitochondrial import, thereby causing 
the accumulation of MTS-containing proteins 
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cco-1(RNAi) and paraquat were exposed longer because of smaller worm size. (B) Immunoblots of 
wild-type, clk-1(qm30), or clk-1(qm30); haf-1(0k705) worms raised on control(RNAi) or lon(RNAi). 
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raised on control(RNAi). The lower panel harbors the haf- 1(0k705) allele. 


Scale bar, 0.5 mm. (D) Schematic illustrating ATFS-1 regulation. 


in the cytosol (9). To determine whether a gen- 
eral impairment of import occurs during UPR™ 
activation, we generated a transgenic strain ex- 
pressing GFP with a MTS (GFP™) (10, 1J). 
Because steady-state detection of unprocessed 
MTS-containing proteins is very difficult (/2), 
we expressed GFP™ via the inducible hsp-16 
promoter (fig. S6). Only in the presence of UPR™- 
activating stress was unprocessed GFP™ detected 
in the postmitochondrial supernatant, consistent 
with impaired import (Fig. 2C). Similarly, when 
ATFS-1 was expressed via the hsp-16 promoter, 
unprocessed ATFS-1 was only detectable in the 
postmitochondrial supernatant during UPR™- 
activating stress (Fig. 2D and fig. S6). Import was 
not completely blocked during UPR™ activation 
because the processed forms of ATFS-1 [revealed 
by /on(RNAi)] and GFP™ were detected in 
mitochondria (Fig. 2, C and D). 

Import into the matrix requires the TOM 
complex, the TIM23 complex, the ETC, and the 
matrix-localized molecular chaperone mtHsp70 
(1). tim-23(RNA1) caused ATFS-1::GFP to ac- 
cumulate within nuclei (Fig. 2A) and strongly in- 
duced hsp-60,,::gfp expression (Fig. 3A and 
fig. S7). Furthermore, impairment of mtHsp70 
(3) or the ETC by the isp-/(qm150) mutation (/3) 
or cco-/(RNAi) also activated the UPR™, which 
suggests that ATFS-1 responds to mitochondrial 
protein import perturbations (Fig. 3A). 

We next considered how HAF-1, the previ- 
ously identified UPR™ regulator (5), affected 
ATFS-1. As expected, haf-1(0k705) worms were 
unable to induce hsp-60,,::gfp expression caused 
by the clk-1(qm30) mutation (/3) (Fig. 3B) or 
when raised on EtBr (30 ug/ml) (Fig. 3A). 
However, /Asp-60,,::gfp induction caused by 
mitochondrial stresses that arrest worm develop- 
ment, such as treatment with EtBr (100 ug/ml) or 
spg-7(RNAi), did not require haf-/ (fig. S8). 
Additionally, UPR™ activation caused by con- 
ditions that directly inhibited mitochondrial im- 
port, such as treatment with tomm-40(RNAi) 
(fig. S8A), tim-23(RNAI), cco-1(RNAj), or para- 
quat (9), also did not require haf-] (Fig. 3A). 
These findings suggest that HAF-1 affects UPR™ 
signaling by modulating the mitochondrial im- 
port of ATFS-1. During mitochondrial stress, 
steady-state measurements indicated that more 
ATFS-1 accumulated within mitochondria of 
haf-1(0k705) worms as revealed by Jon(RNA1) 
(Fig. 3B and fig. S6B). Thus, in the absence of 
haf-1, ATFS-1 partitions to mitochondria during 
stress, thereby reducing UPR™ activation. 

To more directly examine the effect of 
haf-1(0k705) on ATFS-1 mitochondrial import 
efficiency, we expressed ATFS-1 from the in- 
ducible hsp-16 promoter (fig. S6). As discussed 
above, unprocessed ATFS-1 accumulated in the 
postmitochondrial supernatant during UPR™- 
activating stress. However, in haf-1(ok705) worms, 
much less ATFS-1 was detected in the cytosol 
(Fig. 2D). Similarly, the slowed import of GFP™ 
during mitochondrial stress was not observed 
in haf-1(ok705) animals (Fig. 2C); this finding 
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suggests that HAF-1 is a general attenuator of 
mitochondrial protein import during stress and 
that UPR™ signaling is probably modulated by 
HAF-1 in this manner. 

To determine whether prevention of ATFS-1 
import into mitochondria is sufficient to cause 
ATFS-1 nuclear accumulation and UPR™ acti- 
vation, we generated a series of transgenic lines 
that expressed ATFS-1'" (full-length wild-type 
ATFS-1), ATFS-14! >?" (an engineered vari- 
ant of ATFS-1 unable to be imported into 
mitochondria), and ATFS-14'*?™¥°AN"S (a vari- 
ant lacking the NLS) (fig. S9). Removal of the 
MTS was sufficient to cause nuclear accumulation 
of ATFS-1“! **"¥°::GFP (Fig. 2A), and expression 
of ATFS-14' =?" caused constitutive expres- 
sion of hsp-60,,::gfp, indicating that impaired 
mitochondrial import of ATFS-1 is sufficient for 
UPR™ activation. Activation of hsp-60,,.:gfp by 
ATFS-14! *2"¥¢ did not require haf-1 (Fig. 3C), 
further supporting a role for HAF-1 in mitochon- 
drial import regulation. Mutating the NLS in 
ATFS-1 lacking the MTS prevented hsp-60,,-:gfp 
expression, indicating that when ATFS-1 can- 
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not be imported into mitochondria, ATFS-1 re- 
quires the NLS for UPR™ activation (Fig. 3, C 
and D). 

To examine the physiological role of ATFS-1 
during mitochondrial dysfunction, we raised wild- 
type, clk-1(qm30), and isp-1(qm150) (13) worms 
on control(RNAj) or a#fs-/(RNAj). Although un- 
stressed worms were unaffected by atfs-/(RNAi), 
the mitochondrial-stressed worms were unable 
to develop (Fig. 4A and fig. S13A). Because 
ATFS-1 is regulated by mitochondrial import effi- 
ciency, which is linked to mitochondrial function, 
we sought to identify the entire ATFS-1—mediated 
response. Transcripts from wild-type and atfs-/ 
(tm4525) worms raised in the presence and ab- 
sence of stress were compared. A broad transcrip- 
tional response totaling 685 genes was induced 
during mitochondrial stress (Fig. 4B and table 
S2), of which 391 required atfs-/ (table S3). 

Included in the ATFS-1 program were many 
genes with roles in protecting against mitochon- 
drial dysfunction (Fig. 4C), including the mito- 
chondrial chaperone genes dnj-10 (14) (Fig. 4D) 
and hsp-60 (fig. S13B). Numerous components 
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Fig. 4. ATFS-1 mediates a broad and protective transcriptional program. (A) Representative photo- 
micrographs of wild-type or isp-1(qm150) worms raised on control(RNAi) or atfs-2(RNAi). Scale bar, 1 mm. 
(B) Heat map comparing gene expression patterns of wild-type or atfs-1(tm4525) worms raised on control(RNAi) 
or spg-7(RNAi). (C) Functional categories of the 391 ATFS-1—dependent genes identified by hierarchical 
clustering. (D to G) Expression levels of dnj-10, skn-1, gpd-2, and tim-23 mRNA in wild-type or atfs-1(tm4525) 
worms raised on control(RNAi) or spg-7(RNAi) determined by quantitative reverse transcription polymerase 
chain reaction; N = 3, + SD, *P < 0.05 (Student's t test). 


involved in reactive oxygen species detoxifica- 
tion required ATFS-1 for induction during stress, 
including the transcription factor skn-/ (15) (Fig. 
4E). Several glycolysis genes including gpd-2 
(encoding glyceraldehyde-3-phosphate dehydro- 
genase) were also induced (Fig. 4F), which sug- 
gests that the UPR™ may contribute to a shift in 
adenosine triphosphate production from respira- 
tion to glycolysis. ATFS-1 was also required for 
the induction of tim-23 and tim-17 (Fig. 4G and 
fig. S13C), core components of the TIM23 com- 
plex (J). 

The presence of a NLS and a MTS ina single 
transcriptional activator allows the cell to monitor 
global mitochondrial import efficiency and de- 
termine the level of mitochondrial dysfunction. 
If mitochondria are functioning properly, the 
constitutively synthesized ATFS-1 partitions into 
mitochondria where it is degraded. As mitochon- 
drial dysfunction increases, mitochondrial import 
efficiency is reduced, favoring translocation of 
ATFS-1 to the nucleus. Thus, mitochondrial ho- 
meostasis is maintained by the stress-dependent 
partitioning of a transcriptional activator between 
an inactive state in mitochondria and an active 
state in the nucleus. 


References and Notes 
1. A. Chacinska, C. M. Koehler, D. Milenkovic, T. Lithgow, 
N. Pfanner, Cell 138, 628 (2009). 
. M. Donzeau et al., Cell 101, 401 (2000). 
. T. Yoneda et al., J. Cell Sci. 117, 4055 (2004). 
. Q. Zhao et al., EMBO Jj. 21, 4411 (2002). 
. C. M. Haynes, Y. Yang, S. P. Blais, T. A. Neubert, D. Ron, 
Mol. Cell 37, 529 (2010). 
6. M. G. Claros, P. Vincens, Eur. J. Biochem. 241, 779 
(1996). 
7. T. Tatsuta, T. Langer, EMBO J. 27, 306 (2008). 
8. M. Nolden et al., Cell 123, 277 (2005). 
9. G. Wright, K. Terada, M. Yano, |. Sergeev, M. Mori, 
Exp. Cell Res. 263, 107 (2001). 
10. C. M. Haynes, K. Petrova, C. Benedetti, Y. Yang, D. Ron, 
Dev. Cell 13, 467 (2007). 
11. A. M. Labrousse, M. D. Zappaterra, D. A. Rube, 
A. M. van der Bliek, Mol. Cell 4, 815 (1999). 
12. |. Z. Ades, R. A. Butow, J. Biol. Chem. 255, 9925 
(1980). 
13. J. Feng, F. Bussiére, S. Hekimi, Dev. Cell 1, 633 
(2001). 
14. N. Rowley et al., Cell 77, 249 (1994). 
15. R. P. Oliveira et al., Aging Cell 8, 524 (2009). 


Acknowledgments: Supported by the Louis V. Gerstner Jr. 
Young Investigators Fund, the Alfred W. Bressler Scholar 
Fund, the Ellison Medical Foundation, and NIH grant 
RO1AG040061. We thank K. Rainbolt for lon(RNAi) advice, 
the National BioResource Project, and the Caenorhabditis 
Genetics Center and the Genomics Facility at Memorial Sloan- 
Kettering Cancer Center. The microarray data have been 
submitted in MIAME-compliant format to the Gene Expression 
Omnibus database (accession no. GSE38196). 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/science.1223560/DC1 
Materials and Methods 

Figs. $1 to $13 

Tables $1 to $3 

References (16-22) 


19 April 2012; accepted 31 May 2012 
Published online 14 June 2012; 
10.1126/science.1223560 


3 AUGUST 2012 VOL 337 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on August 2, 2012 


Opening and Closing of the Bacterial 
RNA Polymerase Clamp 


Anirban Chakraborty,? Dongye Wang,” Yon W. Ebright,? You Korlann,” Ekaterine Kortkhonjia,” 
Taiho Kim,? Saikat Chowdhury,’ Sivaramesh Wigneshweraraj,” Herbert Irschik,° Rolf Jansen,° 
B. Tracy Nixon,’ Jennifer Knight,’ Shimon Weiss,” Richard H. Ebright?* 


Using single-molecule fluorescence resonance energy transfer, we have defined bacterial RNA 
polymerase (RNAP) clamp conformation at each step in transcription initiation and elongation. 
We find that the clamp predominantly is open in free RNAP and early intermediates in 
transcription initiation but closes upon formation of a catalytically competent transcription 
initiation complex and remains closed during initial transcription and transcription elongation. We 
show that four RNAP inhibitors interfere with clamp opening. We propose that clamp opening 
allows DNA to be loaded into and unwound in the RNAP active-center cleft, that DNA loading 
and unwinding trigger clamp closure, and that clamp closure accounts for the high stability of 
initiation complexes and the high stability and processivity of elongation complexes. 


NA polymerase (RNAP) has a structure 
R= resembles a crab claw, with two 

“pincers” surrounding a cleft that contains 
the RNAP active center and serves as the binding 
site for DNA (Fig. 1A) (/-4). RNAP is a 
multisubunit protein. The largest subunit (B’ in 
bacterial RNAP) forms one pincer, termed the 
“clamp.” The second-largest subunit (6 in 
bacterial RNAP) forms the other pincer. Crystal 
structures of RNAP in different crystal contexts 
indicate that the RNAP clamp can adopt dif- 
ferent conformational states, ranging from an 


open state to a closed state (Fig. 1A) (/—9). The 
open and closed states differ by a >20° swing- 
ing motion of the clamp about a hinge region, re- 
ferred to as the “switch region,” located at the base 
of the clamp, and by a >20 A displacement of 
residues at the tip of the clamp. It has been hy- 
pothesized that the RNAP clamp adopts different 
conformational states not only in crystals, but 
also in solution, and that clamp conformational 
dynamics is important for function. 

In this work, we used single-molecule fluo- 
rescence resonance energy transfer (smFRET) 


REPORTS 


(10-15) to measure bacterial RNAP clamp con- 
formation in solution at each step in transcription 
initiation and elongation. We monitored distances 
between a fluorescent probe, serving as donor, 
incorporated at the tip of the clamp and a fluo- 
rescent probe, serving as acceptor, incorporated 
at the tip of the B pincer (Fig. 1A). 

To incorporate probes site-specifically, we 
used a procedure comprising unnatural amino acid 
mutagenesis (/6), Staudinger ligation (17, 78), and 
RNAP reconstitution (Fig. 1B and figs. S1 to S3) 
(19). The procedure involved (i) preparation of 
B' and B subunits containing 4-azidophenylalanine 
at the sites of interest (accomplished by expressing 
engineered genes containing nonsense codons at 
sites of interest using cells that contained an engi- 
neered suppressor—transfer RNA (t(RNA)/aminoacyl- 
tRNA-synthase pair in media that contained 
4-azidophenylalanine) (fig. S2A); (ii) incorporation 
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Fig. 1. Determination of RNAP clamp conformation in solution. (A) Mea- 
surement of smFRET between fluorescent probes incorporated at the tips of 
the RNAP B’ pincer (clamp) and the RNAP f pincer. Open (red), partly closed 
(yellow), and closed (green) RNAP clamp conformational states are as ob- 
served in crystal structures (Protein Data Bank accessions codes 113Q, 1HQM, 
and 116H). c and the f’ nonconserved domain are omitted for clarity in this 
and subsequent figures. (B) Incorporation of fluorescent probes at the tips 
of the RNAP 8’ pincer (clamp) and the RNAP B pincer, by unnatural amino 
acid mutagenesis to incorporate 4-azidophenylalanine at sites of interest in 


6’ and B, followed by Staudinger ligation to incorporate fluorescent probes 
at 4-azidophenylalanines in f’ and B, followed by in vitro reconstitution of 
RNAP from labeled f’ and 8 and unlabeled a* (covalently linked o-N- 
terminal—domain dimer) and @ (10). Plasmids, genes, and proteins are shown 
as ovals, open bars, and closed bars, respectively. (C) Relation between 
smFRET efficiencies, £, and RNAP clamp conformational states (10). The 
red boxes denote the open (model 4; red), closed (model 11; green), and 
collapsed (model 15; blue) clamp states observed in this work for RNAP-o’° 
holoenzyme (Fig. 2). 
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of the fluorescent probes Cy3B (donor) and 
Alexa647 (acceptor) by azide-specific chemical 
modification (accomplished by Staudinger liga- 
tion using phosphine derivatives of fluorescent 
probes) (fig. S2, B and C); and (iti) in vitro recon- 
stitution of RNAP core (B’Bo'am) or RNAP holo- 
enzyme (RNAP core plus specificity factor o). 
To monitor distances between fluorescent 
probes, we used confocal optical microscopy with 
alternating laser excitation (ALEX) (J/—/5) to 
quantify smFRET in single molecules of RNAP 
freely diffusing in solution (figs. S4 to $5). ALEX 
allows filtering of data to consider only molecules 
that contain both the donor and the acceptor, 
which eliminates complications due to incomplete- 
ly labeled and incompletely assembled complexes 
(11-15). The results provide equilibrium population 
distributions of donor-acceptor smFRET effici- 
encies, E, and enable the calculation of donor- 
acceptor distances, R (//—15). To relate smFRET 
results to RNAP clamp conformations, we com- 
pared observed smFRET efficiencies, FE, to calcu- 
lated smFRET efficiencies, F..\., for each of a set 
of 18 structural models with RNAP clamp con- 
formations ranging from fully open to fully closed 
in 2° increments (Fig. 1C and figs. S6 and S7). 


RNAP holo 
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RPitc 
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Transcription initiation and transcription elon- 
gation are multistep reactions (20): (i) RNAP binds 
to promoter DNA, yielding an RNAP-promoter 
closed complex, in which DNA is double-stranded 
and is not yet loaded into the RNAP active-center 
cleft [RPc; where “closed” refers to the fact that the 
DNA is double-stranded (dsDNA)]; (ii) RNAP 
loads DNA into, and unwinds DNA in, the RNAP 
active-center cleft, yielding an RNAP-promoter open 
complex [RPo; where “open” refers to the fact the 
DNA is partly single-stranded (ssDNA)]; (iit) RNAP 
synthesizes the first ~10 nucleotides (nt) of RNA 
using a “scrunching” mechanism, in which RNAP 
remains stationary on promoter DNA and pulls 
downstream DNA into itself (74, 27), as an RNAP- 
promoter initial transcribing complex (RPitc); and 
(iv) RNAP escapes the promoter and synthesizes 
the rest of the RNA using a “stepping” mechanism, 
in which RNAP translocates relative to DNA (22), 
as a transcription elongation complex (RDe). 

In a first set of experiments, we examined 
RNAP clamp conformation in free RNAP holo- 
enzyme containing the principle o factor, o””, and 
in free RNAP core. We observed that RNAP-o”” 
holoenzyme exhibited a broad, multimodal dis- 
tribution of smFRET efficiencies (Fig. 2A, first 


RNAP holo 
«14° 22° 
[0°]+ 49° 42 


0.0 
: RNAP core 
2 12° 22° 
+2’ +4 °°42 


1.0 


panel). The distribution could be fitted with three 
Gaussians, corresponding to three subpopulations: 
(i) a major subpopulation with mean E = 0.15 and 
mean R = 81 A, corresponding to an open clamp 
state; (ii) a minor subpopulation with mean E = 
0.28 and mean R = 69 A corresponding to a closed 
clamp state in which the clamp is rotated inward 
by ~14°; and (iii) a minor subpopulation with 
mean E = 0.40 and mean R = 64 A, corresponding 
to one or more “collapsed” clamp state, more 
closed than any RNAP crystal structure to date, 
in which the clamp is rotated inward by ~22° 
(Fig. 1C, red boxes; Fig. 2A, first panel; and 
table S1). The observed open, closed, and col- 
lapsed clamp states have RNAP active-center— 
cleft solvent-accessible widths of, respectively, 
~20 A (sufficient to accommodate dsDNA), ~12 A 
(sufficient to accommodate ssDNA, but insuffi- 
cient to accommodate dsDNA), and ~8 A (insuf- 
ficient to accommodate either dsDNA or ssDNA). 
We conclude that the RNAP clamp can adopt 
open, closed, and collapsed states in solution. 
We further conclude that the open state, the di- 
mensions of which allow loading of dsDNA 
into the active-center cleft, is the predominant 
state in free RNAP-o”’ holoenzyme in solution. 


RNAP holo 

E = 0.14, 0.26, 0.40 
R=81A,71A,64A 
P=47%, 24%, 29% 


RNAP holo 

E = 0.16, 0.30, 0.39 
R=79A,70A,64A 
P= 30%, 32%, 28% 


Fig. 2. RNAP clamp conformation in o’°-dependent tran- 
scription initiation and elongation. Histograms and Gaussian 
fits of observed donor-acceptor smFRET efficiencies, F (at left); 
mean F, mean R, and percentage, P, for each subpopulation (in 


inset at left); inferred structural states of the RNAP clamp (at 
right; colored as in Fig. 1C); and inferred extents of closure of 
the RNAP clamp (at far right; in degrees +SEM relative to the open state). The vertical red lines denote mean E of the open, closed, and collapsed states in 
RNAP-o’° holoenzyme. (A) RNAP clamp conformation in RNAP holoenzyme, RPo, RPitc (4 nt of RNA), and RDe (14 nt of RNA). (B) Control three-color FRET 
experiments with third probe on o”° (data filtered to include only molecules containing o”°). (C) Control three-color FRET experiments with third probe on 
DNA (data for RPo filtered to include only molecules containing DNA). (D) RNAP clamp conformation in RNAP core. 
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Identical results were obtained with RNAP core 
(Fig. 2D). We conclude that clamp conformational 
dynamics are an intrinsic property of RNAP core 
and are not dependent on association of RNAP 
core with 07°, 

In the next set of experiments, we examined 
RNAP clamp conformation at each step in o”°- 
dependent transcription initiation and in tran- 
scription elongation. We started with a sample of 
RNAP-o” holoenzyme (Fig. 2A, first panel). 
Upon the addition of DNA and formation of RPo 
(fig. SLA), the distribution of smFRET efficien- 
cies became narrow and unimodal, and only a 
subpopulation corresponding to a closed clamp 
state, with the clamp rotated inward by ~16°, was 
observed (Fig. 2A and figs. S7 to S10, second 
panels). We conclude that, after the loading of 
DNA into, and unwinding of DNA in, the RNAP 
active-center cleft to form RPo, the RNAP clamp 
is closed. We speculate that direct interactions 
between negatively charged DNA in the active- 
center cleft and the positively charged inner face 
of the clamp trigger clamp closure. 

Upon the further addition of a nucleoside 
triphosphate (NTP) subset yielding RPitc (fig. 
S1A), no further change in the distribution of 
smFRET efficiencies was observed; only the 
subpopulation corresponding to a closed clamp 


A 
RNAP o54 holo 


RPc 


RPc + NtrC 


RPi1 


RPi2 


RPo 


state, with the clamp rotated inward by ~16°, was 
observed (Fig. 2A, third panel). Equivalent re- 
sults were obtained for RPitc containing 2, 4, or 
7 nt of RNA (figs. S8 and S9). We conclude that, 
upon the transition to RPitc—despite the synthesis 
of up to 7 nt of RNA through a scrunching mech- 
anism that entails the unwinding and repositioning 
of up to 5 base pairs (bp) of DNA (14, 21)—no 
change in clamp conformation occurs. 

Upon the further addition of an NTP subset 
yielding RDe (fig. SIA), no further change in 
distribution was observed; only a subpopulation 
corresponding to the closed clamp state, with the 
clamp rotated by ~16°, was observed (Fig. 2A, 
fourth panel). Equivalent results were obtained 
with RDe containing a 14-nt RNA product 
(which does not extend beyond the RNAP RNA 
exit channel) and RDe containing a 15-nt RNA 
product (which extends beyond the RNAP 
RNA exit channel) (figs. S8 and S9), and with 
RDe containing o”° and not containing o” (figs. 
S8 and S9) (13). We conclude that, upon the tran- 
sition to RDe—despite transition to a stepping 
mechanism of RNA synthesis (22), filling of the 
RNA exit channel, and optional release of o”° 
(/3)—no change in clamp conformation occurs. 

Control experiments validate these observa- 
tions. To rule out complications from complexes 


REPORTS [ 


lacking o’°, we performed three-color ALEX 
experiments (/5) analyzing complexes containing 
a third fluorescent probe, Alexa488, on o” and 
considering only molecules that contained all three 
fluorescent probes (Fig. 2B). To rule out compli- 
cations from complexes lacking DNA, we per- 
formed analogous three-color ALEX experiments, 
analyzing complexes containing a third fluores- 
cent probe, Alexa488, on DNA (Fig. 2C). To rule 
out complications due to RNAP-probe interactions, 
we performed experiments using reversed donor 
and acceptor probe sites, different probe sites, 
and/or different donors and acceptors (fig. S10). 

In the next set of experiments, to assess RNAP 
clamp conformation in intermediates in forma- 
tion of RPo, we analyzed transcription initiation 
by RNAP holoenzyme containing the alternate 
o factor o°* (F ig. 3). In contrast to RNAP-o”” 
holoenzyme, which forms unstable RPc (20), 
RNAP-o™ holoenzyme forms a stable RPc and 
undergoes isomerization from RPc to RPo only 
upon the binding of an AAA+ adenosine triphos- 
phatase, such as NtrC1, and adenosine triphos- 
phate (ATP) hydrolysis (Fig. 3A) (23). This enables 
trapping and analysis of RPc and of intermediates 
in the isomerization of RPc to RPo (Fig. 3A and fig. 
S11) (23). We analyzed clamp conformation in 
RNAP-o™ holoenzyme, RPc (formed by adding 
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Fig. 3. RNAP clamp conformation in c°*-dependent transcription initiation. (A) Intermediates in o°*-dependent transcription initiation (23). (B) RNAP clamp 
conformation in RNAP-o>* holoenzyme, RPc, RPc+NtrC1, RPi1, RPi2, and RPo. 
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DNA to RNAP-o™ holoenzyme), RPct+NtrCl 
(formed by adding NtrC1 to RPc), RPil (formed 
by adding the ground-state ATP analog ADP- 
BeF, to RPc+NtrC1), RPi2 (formed by adding 
the transition-state ATP analog ADP-AIF, to 
RPc+NtrC1) and RPo (formed by adding ATP to 
RPc+NtrC1) (Fig. 3A). RNAP-o™ holoenzyme 
exhibited the same distribution of clamp states as 
RNAP-o” holoenzyme: a major subpopulation 
with an open clamp, a minor subpopulation with a 
closed clamp (clamp rotated inward by ~14°), and 
a minor subpopulation with a collapsed clamp 
(clamp rotated inward by ~24°}—consistent with 
the conclusion that clamp conformation in free 
RNAP is an intrinsic property of RNAP core 
(Fig. 3B, first panel). Upon the formation of RPc, 
RPc+NtrCl, RPil, and RPi2, the open clamp 
state continued to predominate, the closed clamp 
state continued to be observed as a minor sub- 
population, and the collapsed state disappeared 


(Fig. 3B, second through fifth panels). Upon the 
formation of RPo, the distribution narrowed, and 
only a closed clamp state, with the clamp rotated 
inward by ~12°, was observed (Fig. 3B, sixth pan- 
el). We conclude that the RNAP clamp predom- 
inantly is open in RPc and in all intermediates 
on the pathway of isomerization of RPc to RPo, 
and closes only upon loading of DNA into, and 
unwinding of DNA in, the RNAP active-center 
cleft to form RPo. These results support the con- 
clusion that direct interactions between loaded, 
unwound DNA and the clamp trigger clamp 
closure. 

The antibiotics myxopyronin (Myx), coral- 
lopyronin (Cor), and ripostatin (Rip) inhibit the 
isomerization of RPc to RPo through interac- 
tions with the RNAP switch region, the hinge that 
mediates opening and closing of the RNAP clamp 
(24-26). Bacteriophage T7 Gp2 inhibits the isom- 
erization of RPc to RPo through interactions 


with a site within the RNAP active-center cleft, 
on or near the inner face of the clamp (27, 28). It 
has been hypothesized that these inhibitors func- 
tion by preventing clamp opening and thereby 
preventing loading of DNA into, and unwind- 
ing of DNA in, the active-center cleft (“hinge- 
jamming” hypothesis) (24, 26-28). We assessed 
effects of these inhibitors on RNAP clamp con- 
formation in RNAP-o”? holoenzyme in solution. 
We find that all four inhibitors depopulate the 
open clamp state, leaving only closed and col- 
lapsed clamp states (states in which the clamp is 
rotated inward by ~8° to ~26°) (Fig. 4, A and C). 
Analogous experiments assessing the effects of 
one of the four inhibitors, Myx, on o 4 dependent 
transcription initiation show that Myx also de- 
populates the open state in RNAP-o™ holoenzyme 
and in RPc (Fig. 4C and fig. S12). In contrast, 
the inhibitors rifampin (Rif), streptolydigin (Stl), 
and CBR703 (CBR), which inhibit steps in tran- 
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Fig. 4. Effects of inhibitors on RNAP clamp conformation. (A) Effects of 
inhibitors that block the isomerization of RPc to RPo: Myx, Cor, Rip, and Gp2. 
(B) Effects of inhibitors that block steps subsequent to the isomerization of RPc 
to RPo: Rif, Stl, and CBR. (C) Summary. The major clamp conformation at each 
step in transcription initiation and transcription elongation stage is shown in 


opening. 


black. Minor clamp conformations are shown in gray. Myx, Cor, Rip, and Gp2, 
which inhibit the isomerization of RPc to RPo (vertical red line), inhibit clamp 
opening (slanted red lines); Rif, Stl, and CBR, which inhibit steps subsequent to 
the isomerization of RPc to RPo (vertical blue lines), do not inhibit clamp 
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scription subsequent to isomerization of RPc to 
RPo (29), do not affect clamp conformation (Fig. 
4, B and C). A Gp2 mutant defective in binding 
to RNAP (27) does not affect clamp conformation 
(fig. S13). We propose, consistent with the hinge- 
jamming hypothesis, that Myx, Cor, Rip, and Gp2 
prevent clamp opening and inhibit the isomeriza- 
tion of RPc to RPo by preventing loading of DNA 
into, and unwinding of DNA in, the RNAP active- 
center cleft (Fig. 4C). 

We infer that the RNAP clamp is predom- 
inantly, and likely obligatorily, open in free 
RNAP and RPc, but is closed—rotated inward 
by ~12 to ~16°—in RPo, RPitc, and RDe. We 
propose that clamp opening enables the loading 
of DNA into, and the unwinding of DNA in, the 
RNAP active-center cleft during the isomeriza- 
tion of RPc to RPo. We propose that clamp 
closure is induced or stabilized by direct inter- 
actions between DNA inside the active-center 
cleft and the clamp, and that clamp closure is 
responsible for the high stability of RPo and the 
high stability and processivity of RDe. 

We speculate that the clamp may reopen in 
subsequent steps in the transcription cycle that 
are marked by low stability and low processivity, 
including transcription pausing and transcription 
termination. Consistent with this hypothesis, a 
crystal structure of RDe containing an RNA 
hairpin associated with pausing and termination 


shows an open clamp (7). Further consistent with 
this hypothesis, the transcription factors NusG 
and Spt4/5, which inhibit pausing and termina- 
tion, bridge the clamp and the opposite RNAP 
pincer, in a manner likely to inhibit clamp open- 
ing (30). 
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How Low Can You 


Go? Physical 


Production Mechanism of Elephant 
Infrasonic Vocalizations 


Christian T. Herbst,*t Angela S. Stoeger,'t Roland Frey,” Jérg Lohscheller,? Ingo R. Titze,* 
Michaela Gumpenberger,? W. Tecumseh Fitch?’** 


Elephants can communicate using sounds below the range of human hearing (“infrasounds” 
below 20 hertz). It is commonly speculated that these vocalizations are produced in the larynx, 
either by neurally controlled muscle twitching (as in cat purring) or by flow-induced self-sustained 
vibrations of the vocal folds (as in human speech and song). We used direct high-speed video 
observations of an excised elephant larynx to demonstrate flow-induced self-sustained vocal fold 
vibration in the absence of any neural signals, thus excluding the need for any “purring” 
mechanism. The observed physical principles of voice production apply to a wide variety of 
mammals, extending across a remarkably large range of fundamental frequencies and body sizes, 


spanning more than five orders of magnitude. 


ammal vocalizations from different spe- 

cies span a frequency range of nearly 

five orders of magnitude, from 9 Hz in 
some whales (/) to above 110,000 Hz in some 
bats (2). This is a remarkably wide operating 
range for tissue vibrations in the same organ, the 
larynx. The source of most mammal vocalizations 
is vibrations of the vocal folds, located within 
the larynx (3, 4). There are at least two well- 
documented mechanisms of sound production 
that involve vocal fold vibration. In the active 
muscular contraction (AMC) or “purring” mode, 


best documented in various cat species, the high- 
est frequencies producible are limited by muscle 
contraction speeds, which even with superfast 
muscles cannot get much higher than 200 Hz (5). 
However, this mode allows arbitrarily low funda- 
mental frequencies. In contrast, frequencies in the 
myoelastic-aerodynamic (MEAD) (6, 7) or “flow- 
driven” mode are tightly limited by the physical 
size of the oscillators (3), because the fundamen- 
tal frequency range for a species is determined by 
the size of the vibrating tissue (i.e., the length of 
the vocal folds or cords). Consequently, there is 


a direct interspecific relationship between body 
mass, vocal fold size, and fundamental frequency 
for MEAD-induced vocalizations, but no such 
relationship for purring (Fig. 1A). For individual 
animals intraspecifically, the fundamental frequen- 
cy range is also influenced by age and the con- 
sequent change in the vocal fold dimensions [see, 
for example, (8, 9)]. In MEAD vocalizations there 
seems to be no sharp upper limit, and frequencies 
above 110,000 Hz have been documented in bats. 
Additionally, the MEAD mechanism is probably 
more energetically efficient, because it requires 
no active time-varying neural firing or muscular 
contraction (/0). Thus, the two known vocaliza- 
tion mechanisms have distinct advantages for 
different vocal ranges. 

Low vibration frequencies employing the 
MEAD mechanism are well known in human 
speech and singing and have previously been 
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demonstrated in tigers [typically between 40 and 
100 Hz (/0)]. In this mechanism, the primary 
sound source is generated by flow-induced self- 
sustaining oscillations of the vocal folds, driven 
by air coming from the lungs (Fig. 1B). In con- 
trast, AMC phonation is caused by a centrally 
driven periodic muscular modulation of respi- 
ratory flow (//). It results from the intermittent 
activation of intrinsic laryngeal muscles caused 
by a very regular, stereotyped pattern of EMG 


bursts occurring 20 to 30 times per second. Each 
of these muscle discharge bursts causes glottal 
closure (/2) and the development of a transglottal 
pressure that generates sound when dissipated by 
glottal opening (/3) (Fig. 1, B and C). Low vi- 
bration frequencies using the AMC mechanism 
are well studied in cats (typically around 30 Hz) 
and toadfish (20 to 280 Hz). Despite some ear- 
ly claims (/4), there is no evidence of sound 
production based on AMC in humans (6). 


The two models shown in Fig. 1A separate- 
ly account for most mammalian vocalizations. 
However, at the lower end of the frequency 
range, the infrasound vocalizations of the African 
savannah elephant (Loxodonta africana) are am- 
biguous in this context. These low-frequency 
vocalizations (/5—22) are called “infrasonic,” 
because their fundamental frequency is below 
20 Hz. Elephant infrasound vocalizations are 
thought to be produced in the larynx (79), but 
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Fig. 1. Two mechanisms for vocal sound production in mammals. (A) Log-log 


plot of body mass versus average fundamental frequency for 


various mam- 


mals. The data for the AMC mode stem from data on purring cats (26); thedata g 
for vocalizations governed by the MEAD theory were taken from (2, 


Fig. 2. Elephant larynx anatomy and experiment setup. (A) 
Vocal anatomy of the elephant: red, larynx and hyoid appa- 
ratus; pink, oral vocal tract; blue, nasal vocal tract (see the 
supplementary materials for the role of the vocal tract in vo- 
calization). (B) Midsagittal cut through the larynx, with the left 
half displayed. (C) Computed tomograpy (CT) scan of the ex- 
cised larynx, made 2 hours before the experiment. (D) Sche- 
matic drawing of the laryngeal anatomy, traced from the CT 
scan. Labels for (B) to (D) are as follows: 1, trachea; 2, cricoid 
cartilage; 3, thyroid cartilage; 4, arytenoid cartilage; 5, vocal 
fold; 6, ventricular fold [not seen in midsagittal sections in (C) 
and (D)]; 7, epiglottis. (E) Schematic illustration of the exper- 
imental excised larynx setup. EGG, electroglottographic. 
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(B) Mechanics of vocal fold closure in both MEAD [after (32)] and AMC theory. 
(C) Idealized representation of intrinsic laryngeal muscle activity during two 
lottal cycles for both MEAD and AMC theory [after (23)]. The asterisks indicate 
events of glottal closure. 
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whether the production mechanism relies on the 
MEAD or AMC mechanism remains disputed 
(8, 23, 24). 

To answer this question, we experimentally 
induced infrasound vocalizations in an excised 
larynx of an African elephant in the laboratory 
(Fig. 2). In such a setup, the vocal folds (labeled 
5 in Fig. 2, B to D) are brought together by 
adducting the arytenoid cartilages (labeled 4 in 
Fig. 2, B to D), thus sealing the glottal air space 
and increasing the tracheal pressure during ex- 
halation. This pressure is then dissipated as a 
pulsating air flow generated by the vibrating vo- 
cal folds. In an excised larynx experiment, the 
AMC mode of production is impossible, because 
the laryngeal muscles are disconnected from the 
nervous system and receive no periodic nervous 
input. Thus, if in vivo elephant infrasound vo- 
calizations relied on the AMC mode, they could 
not be duplicated in our setup. On the other hand, 
successful generation of species-typical infra- 
sounds in an excised larynx setup would dem- 
onstrate that the MEAD mechanism can account 
for infrasound production, and AMC is not nec- 
essary. This would strongly suggest that the 
MEAD theory can fully account for in vivo vo- 
calization (though in vivo AMC cannot be de- 
finitively ruled out by our experiments). 

We observed flow-induced vocal fold vibration, 
starting at air pressures of 17 mbar [in comparison, 
the phonation threshold pressure in humans is 
about 3 to 4 mbar (3)]. The sounds produced by 
the excised larynx were closely comparable to 


A Acoustic signal 


in vivo low-frequency vocalizations of African 
elephants (see Fig. 3A for an example) and 
with a MEAD-based computational simulation 
of vibrating elephant vocal folds (fig. $1). 
Our data show a close relationship between 
acoustic, electroglottographic, and high-speed 
video signals (Fig. 3B). Acoustic energy was created 
during both opening and closure of the glottis. 
The vocal fold contact area [as encoded in the 
electroglottographic signal (see the supplementary 
materials)| reached a maximum immediately after 
glottal closure, suggesting that the inferior edges 
of the vocal folds started to open shortly after the 
closing event, resulting in a inferior/superior phase 
difference of vocal fold vibration during the closed 
phase. The same inferior/superior phase difference 
was observed in the open phase (image 4 in Fig. 
3C), effectively shortening the open phase and 
resulting in a very small open quotient (Fig. 4D). 
Such a phase difference in vocal fold vibration is 
necessary for energy transfer from the air stream 
into the tissue, and for creating pressure gradients 
(caused by the divergent vocal fold shape) that 
enable closure of the glottis. The observed vibratory 
behavior is fully consistent with the MEAD theory. 
Another important feature seen in our ele- 
phant larynx setup, predicted by MEAD theory, 
was the frequent occurrence of nonlinear phenome- 
na (25). Apart from periodic oscillations, our 
analysis revealed a variety of these nonlinear 
phenomena: period doubling, tripling, and quad- 
rupling; biphonation; chaos; and bifurcations be- 
tween various phonatory regimes (Fig. 4 and 
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movie S1). Three stereotypical patterns of vocal 
fold vibration (periodic, subharmonic, and cha- 
otic) have been analyzed with three-dimensional 
phase portraits [a graphical representation of a 
dynamical system’s possible states, illustrating the 
evolution of its vibratory characteristics over time 
(Fig. 4B)] and with glottovibrograms [a visual- 
ization of the time-varying glottal width along the 
entire glottal axis (Fig. 4C and movie S2 for the 
measurement of the time-varying glottal area)]. 
The frequent occurrence of nonlinear phenomena 
might be partly related to the large dimensions of 
the elephant vocal folds, facilitating higher-order 
modes of vibration. 

The observed fundamental frequencies (FO) 
of periodic vocal fold vibration were in the range 
of 5 to 60 Hz, with an average of 16.38 Hz 
(analyzing all periodic phonations produced in 
the course of the experiment). These values agree 
well with the fundamental frequency produced 
by a computational simulation (supplementary 
materials), with our recordings of the elephants, 
and with values from live elephants published in 
the literature (20, 2/). As a first approximation, 
the fundamental frequency of vocal fold vibra- 
tion can be explained by a piano-string model (3), 
in which a change in vocal fold resting length 
would be inversely and linearly related to FO. 
Applying this model to the measured elephant 
vocal fold length of 10.4 cm results in a predicted 
FO of 18.43 Hz (supplementary materials), which 
is remarkably close to the mean FO measured 
in our experiments. It is thus apparent that the 


Fig. 3. Infrasound vocalization of the African elephant. (A) (Top) Time- 
domain signal (left) and spectrogram (right) of an in vivo low-frequency 
vocalization of a female African elephant (18 years old, weighing 3200 kg). 
(Bottom) Time-domain signal (left) and spectrogram (right) of a phonation 
generated by the excised larynx. (B) Measurement and correlates of vocal 
fold vibration in the excised larynx: acoustic signal; electroglottographic 
signal, measuring relative vocal fold contact area; and time-varying glottal 
area (number of pixels). (C) Images extracted from high-speed video record- 
ings, illustrating one cycle of vocal fold vibration: 1, just before vocal fold 
opening; 2, start of vocal fold separation, caused by air pressure buildup 
below the vocal folds; 3, maximal area of the glottis during the vibratory 
cycle; 4, maximal separation of the superior vocal fold margins (note the 
inferior/superior phase difference in vocal fold vibration); 5, full vocal fold 
closure [see also (B)]. 
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frequency of the infrasonic vocalizations is directly 
related to the length of the large elephant vocal 
folds, again as predicted by the MEAD theory. 
In the in vivo situation, interactions between 
the vibrating vocal folds and the vocal tract may 
slightly raise or lower the fundamental frequency, 
as well as introduce nonlinear phenomena. To 
evaluate these possibilities, we calculated the 
predicted formant frequencies for the elephant 
vocal tract, assuming a uniform cross-sectional 
area (supplementary materials). Given an esti- 
mated oral vocal tract length of 75 cm and a nasal 


tract length of 2.5 m, the lowest formants would 
be 117 and 35 Hz, respectively. Because these 
estimated formant frequencies are at least two 
times higher than the observed fundamental 
frequencies, the vocal tract should not play a 
crucial role in the creation of nonlinear phenomena, 
nor substantially modify FO, of elephant infrasound 
vocalizations. This indicates that the nonlinearities 
seen in our excised larynx experiments are, in the 
absence of a vocal tract, a consequence of vocal 
fold dynamics and not source/tract interaction 
(for details, see the supplementary materials). 
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Fig. 4. Vocal fold oscillation regimes observed in the excised larynx. (A) Extracted glottal area (GA), 
specified in pixels (top row); and EGG signal (bottom row) for periodic oscillation (385 ms displayed), 
period doubling (140 ms displayed), and deterministic chaos (200 ms displayed). (B) Phase portraits 
created from the signals shown in (A). (C) Glottovibrograms (GVGs) for the three observed vocal fold 
vibration regimes: periodic; period doubling (the vocal folds vibrated twice as fast in the dorsal part of the 
glottis, as compared to the ventral part); and deterministic chaos. (D) One cycle of periodic vocal fold 
vibration, as seen in the GVG. The open quotient is defined as the relation of the duration of the open 


phase to the period. 


This study is the first to directly observe the 
sound production mechanism of elephant infrasound 
vocalizations. We have shown that low-frequency 
phonation can be created by flow-induced self- 
sustaining oscillations of the vocal folds, in accord- 
ance with the MEAD theory of voice production. 
The behavior of the vibrating tissue is governed by 
biomechanical properties, powered by tracheal air 
pressure. 

Although we can clearly rule out a role for 
active muscle twitching in our excised larynx 
preparation, we obviously cannot eliminate the 
possibility of such “purring” in a living elephant. 
However, our study demonstrates that there is no 
need for such twitching to produce loud low- 
frequency vocalizations such as elephant rumbles. 
The low fundamental frequency of the produced 
sounds is directly related to the dimensions and 
tension of the vibrating tissue, based on well- 
understood physical principles. The elephant larynx 
constitutes a vibrating system that behaves in a 
fashion similar to that known in humans and other 
mammals, showing that flow-induced vocal fold 
vibration offers a physiologically and evolutionar- 
ily efficient means to produce the very intense 
low-frequency sounds used in elephant long- 
distance communication (19). 
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Feedback Regulation of Transcriptional 
Termination by the Mammalian 
Circadian Clock PERIOD Complex 


Kiran Padmanabhan,’* Maria S. Robles,’+ Thomas Westerling,” Charles J. Weitz} 


Eukaryotic circadian clocks are built on transcriptional feedback loops. In mammals, the 

PERIOD (PER) and CRYPTOCHROME (CRY) proteins accumulate, form a large nuclear complex 
(PER complex), and repress their own transcription. We found that mouse PER complexes included 
RNA helicases DDX5 and DHX9, active RNA polymerase II large subunit, Per and Cry pre-mRNAs, 
and SETX, a helicase that promotes transcriptional termination. During circadian negative 
feedback, RNA polymerase II accumulated near termination sites on Per and Cry genes but not 
on control genes. Recruitment of PER complexes to the elongating polymerase at Per and Cry 
termination sites inhibited SETX action, impeding RNA polymerase II release and thereby 
repressing transcriptional reinitiation. Circadian clock negative feedback thus includes direct 
control of transcriptional termination. 


ukaryotic circadian clocks are based on 
Penson negative-feedback loops 


(, 2). In mammals, the three PER and 


two CRY proteins accumulate, form a large nu- 
clear complex (3), and associate with the dimeric 
transcription factor CLOCK-BMAL1 (4-7) at 


Per and Cry promoters (8), repressing Per and 
Cry transcription (5—7, 9). PER complexes in- 
clude the RNA-binding protein NONO (non-POU 
domain containing, octamer binding protein) and 
the histone methyltransferase WDRS5 (WD repeat- 
containing protein 5), and they function in part 
by recruiting a SIN3 histone deacetylase com- 
plex to clock gene promoters (8). 

To explore the clock mechanism, we affinity- 
purified nuclear PER complexes (/0) from livers 
of FH-PER1 and PER2-FH (N-terminal Flag- 
hemagglutinin—-PER1 and C-terminal Flag- 
hemagglutinin—PER2) mice (8) obtained at 
circadian time 20 hours (CT20), the peak phase 
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of PER negative feedback. Purified FH-PER1 
and PER2-FH samples contained many proteins 
not found in controls, and the copurifying proteins 
appeared essentially identical in the two cases 
(Fig. 1A). In addition to known PER-associated 
proteins (8), mass spectrometry revealed RNA 
helicases DDX5 (DEAD-box polypeptide 5) 
and DHX9 (DEAH-box protein 9) in both sam- 
ples. DDX5 and DHX9 are related to FRH 
(FREQUENCY-interacting helicase), a compo- 
nent of the Neurospora clock (11, 12). DDX5 and 
DHX9 specifically coimmunoprecipitated with 
endogenous PER2 from mouse tissue extracts 
(CT20) (Fig. 1B). When tissues were harvested 
at CT8, the trough of PER2 abundance, little or 
no DDX5 or DHX9 was coimmunoprecipitated 
(Fig. 1C). 

We depleted DDX5 or DHX9 from a circa- 
dian reporter fibroblast line (73) and monitored 
Per! transcription and clock function. Depletion 
of either resulted in a selective increase in tran- 
scription of the Per] gene and a shortening of 
circadian period (figs. S1 and $2). DDX5 and 
DHX9 are thus important for PER feedback and 
clock function. 

Density gradient centrifugation of highly puri- 
fied PER complex (CT20) revealed that DDXS5 
and DHX9 are constituents of large PER complexes, 
which are enriched in low-mobility, modified PER2 
proteins (Fig. 1D, top). Smaller complexes are likely 
dissociation products. Treatment of affinity-purified 
material with ribonucleases before centrifugation 
resulted in a partial shift toward smaller molecular- 
size fractions of PER2 and DHX9, particularly 
modified PER2 (Fig. 1D, bottom), indicating 
the presence of stabilizing RNA. 

These findings suggested a role for PER pro- 
teins in circadian feedback beyond orchestrat- 
ing histone deacetylation (8). DDX5 and DHX9 
function in transcription and pre-mRNA pro- 
cessing (/4). Both are associated with elongat- 
ing RNA polymerase II (/5) and are components 
of the 3’ transcriptional termination complex (/6). 
Thus, circadian feedback might impinge on these 
processes. 

We tested whether PER complex associated with 
RNA polymerase II and transcriptional elongation 
factors during circadian feedback. Elongating RNA 
polymerase II large subunit (phosphorylated on 
C-terminal domain serine-2, serine-5, or both), 
CDK9 (cyclin-dependent kinase-9), and CBP80 
(nuclear cap-binding protein, 80 kD) specifical- 
ly coimmunoprecipitated with PER2 from liver 
nuclear extracts (CT20) (Fig. 2, A and B, and fig. 
S3A). Density gradient analysis of highly puri- 
fied PER2-FH complexes (as in Fig. 1A) indi- 
cated that these factors, along with known clock 
proteins, are components of large PER complexes 
(Fig. 2C). None of the proteins were detected in 
gradient fractions when the affinity purification 
was performed using control mice with untagged 
PER2 (fig. S3B), and the proteins did not cosedi- 
ment when the analysis was performed with unpu- 
rified extracts (fig. S3C), as expected if only a small 
fraction of these proteins is in a PER complex. 


If PER proteins act on elongating polymer- 
ase, then PER complexes might contain nas- 
cent Per and Cry pre-mRNAs but not arbitrary 
pre-mRNAs. We performed PER2 or immuno- 
globulin G (IgG) control immunoprecipitations 
from liver nuclear extracts (CT20), purified RNA 
from the samples, and assayed for pre-mRNAs 
by quantitative reverse transcription—polymerase 
chain reaction (RT-PCR). Per/, Per2, and Cry2 
(but not control) pre-mRNAs specifically co- 
immunoprecipitated with PER2 (Fig. 2D). We 
did not detect Per3 or Cry] pre-mRNAs, per- 
haps indicating differences in PER function at 
different target genes. None of the pre-mRNAs 
were detected in immunoprecipitations from 
tissue collected at CT8, the trough of PER2 abun- 
dance (Fig. 2E). We obtained similar results 
from chromatin-associated PER complexes (Fig. 
2F). Thus, PER complexes selectively associate 
with active transcriptional machinery on the 
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Perl, Per2, and Cry2 genes during negative 
feedback. 

If active RNA polymerase II is inhibited by 
PER action, then arrested polymerases might ac- 
cumulate within the Per] and Cry2 genes during 
circadian negative feedback. We prepared chro- 
matin from mouse livers obtained every 4 hours 
across a circadian cycle, performed RNA poly- 
merase II chromatin immunoprecipitations (ChIP), 
and monitored genome-wide RNA polymerase II 
occupancy by deep sequencing. A circadian 
rhythm of the polymerase at the 5’ transcriptional 
start site and along the length of clock genes was 
observed that was consistent with the onset of 
circadian transcription (Fig. 3). However, during 
negative feedback, RNA polymerase II accumu- 
lated near the 5’ transcriptional start site and 3’ 
transcriptional termination site of the Per] and 
Cry2 genes (Fig. 3, A and B, and figs. S4 and 
SSA), with the 3’ accumulation evident even when 
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(C) Immunoblots of fractions from density gradient 


sedimentation of affinity-purified PER2-FH complexes from mouse liver nuclei (as in Fig. 1D). (D) Per and 
Cry pre-mRNAs, but not control pre-mRNAs, associated with nuclear PER complex from mouse liver 
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viewed on a mega—base pair scale (fig. S4). We 
did not detect a 3’ accumulation at any time on 
either the Bmal/ gene, which has a different mech- 
anism of circadian regulation (/7) (Fig. 3C and 
fig. SSA), or on arbitrary genes scattered through- 
out the genome (fig. S5, B and C). The results 
for Perl were confirmed by ChIP-PCR, and we 
found coaccumulation of PER2 and DHX9 with 
RNA polymerase II at the Per] 3’ site (Fig. 3, D 
and E). Because impaired transcriptional termi- 
nation causes accumulation of RNA polymerase 
II just downstream of 3’ termination sites and in- 
hibits transcription (/8), these results raised the 
possibility that PER complexes might inhibit 3’ 
processing at the Per] and Cry2 genes. 
Supporting this notion, we found that PER2 
was associated at CT20, the trough of Per/ tran- 
scription, with SETX (senataxin) (Fig. 4A), a 
helicase important for transcriptional termination 
of some genes (/8). After cleavage of the nascent 
transcript, unwinding of RNA-DNA duplexes by 
SETX at the 3’ termination site permits the XRN2 
nuclease to degrade the downstream 3’ RNA and 
thereby release the polymerase (18). We readily 
detected XRN2 in a complex with SETX, but 
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Fig. 3. Accumulation of RNA polymerase II 
near 3’ termination sites of Perl and Cry2 
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cycle (mean + SEM; n = 3 for each). Bottom, ChIP- 
polymerase II occupancy (vertical traces) along the genes (5’ to 3’, left to right) at 
the six indicated circadian times. DNA scale, lower right. At bottom, thick blocks 


represent exons; thin blocks, untranslated regions. The 


PER complex included SETX but no detectable 
XRN2 (Fig. 4A), suggesting that PER complex 
might inhibit SETX activity, blocking subsequent 
processing by XRN2. SETX bound at or near 
Per! and Cry2 3’ termination sites in a temporal 
pattern that mirrored that of RNA polymerase II, 
including an accumulation at CT22 (fig. SSD), 
suggesting that SETX functions in the termina- 
tion of both genes (19). 

Inefficient termination produces increased “3'- 
read-through” of mRNAs (/8). Depletion of SETX 
(Fig. 4B) caused an increase in 3’-read-through 
at the Per] and Cry2 (but not Bmal/) genes (Fig. 
4C) and an accumulation of RNA polymerase II 
at or near the 3’ termination sites of the Per/ and 
Cry2 (but not Bmall) genes (Fig. 4D). In addi- 
tion, it caused a marked loss of circadian ampli- 
tude (Fig. 4E), suggesting an important role for 
SETX in the clock. 

If PER complex inhibits SETX, then there 
should be a naturally occurring circadian rhythm 
of Per] 3'-read-through in vivo, with the peak oc- 
curring at the trough of transcription. Indeed, we 
found rhythmic Per] 3’-read-through in mouse 
liver that was antiphase to Per/ transcription (Fig. 
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4, F and G). At the transcriptional trough, 3’-read- 
through RNAs accounted for at least a 10-fold 
higher proportion of transcripts than at the peak 
(Fig. 4H). A control gene showed no such effect 
(Fig. 4, I to K). Thus, Per/ transcriptional termina- 
tion appears to be under circadian control in vivo. 

These results reveal an unsuspected mechanism 
of circadian clock negative feedback. Because 
of coupling between initiation and termination 
(18, 20-22), inhibition of termination reduces the 
rate of transcription (/8, 20). During negative 
feedback, we observed accumulation of RNA 
polymerase II at the 5’ site as well as the 3’ site of 
the Per] and Cry2 genes (Fig. 4, A and B), per- 
haps reflecting reduced initiation secondary to 
inhibited termination. 

The mammalian PER complex thus has at 
least two actions in circadian feedback. It re- 
presses transcription by recruiting a SIN3 histone 
deacetylase complex to clock gene promoters (8), 
and it inhibits termination, likely by antagoniz- 
ing the action of SETX at the 3’ termination site. 
Both processes contribute to circadian Per] gene 
repression, but one or the other could predominate 
at different target genes. In Drosophila, chromatin- 
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3’ termination sites are centered within gray bars. Arrows denote accumulation 
of RNA polymerase II near 3’ termination sites. (D and E) ChIP analysis of RNA 
polymerase II, PER2, and DHX9 near Per1 5’ initiation site (D) or 3’ termina- 
tion site (E) at indicated circadian times (relative to control IgG ChIP). 
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Fig. 4. PER complex associates with SETX and an- 
tagonizes its action in transcriptional termina- 
tion of the Per1 gene. (A) Coimmunoprecipitations 
from mouse liver nuclei (CT 20) showing that a 
complex of PER2 with SETX excludes XRN2. (B) Im- 
munoblot showing depletion of SETX in a fibroblast 
cell line after electroporation of SETX small in- 
terfering RNA (siRNA) compared to control siRNA. 
a-Tubulin, loading control. (C) Quantitative RT- 
PCR assay showing abundance of 3’-read-through 
mRNAs of indicated genes after depletion of SETX 
(normalized to control siRNA; mean + SEM; n = 3 


for each). (D) ChIP assay (relative to control IgG ChIP) showing RNA polymerase 
Il near 3’ termination sites of indicated genes after depletion of SETX. (E) 
Circadian oscillations of bioluminescence in synchronized circadian reporter 
fibroblasts after introduction of SETX siRNA (blue) or control siRNA (yellow). 


associated PER spreads far downstream of the 
transcription start site (23), consistent with reg- 
ulation of one or more postinitiation steps. By 
distributing circadian feedback repression across 
two or more steps in transcription, the PER com- 
plex might offer the advantages of averaging out 
noise and reducing the energetic costs of cyclical 
reversal of gene repression. 
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ules at the touch of a button, enabling access to these techniques 
without manually changing system components. The flexible system 
architecture of the Nicolet iS50 is designed to improve the speed of 
analysis while eliminating the possibility of operational errors that 
can occur while changing instrument components. The instrument’s 
integrated diamond ATR allows users to obtain IR spectra in sec- 
onds, and a novel in-sample-compartment FT-Raman feature in- 
cludes a video microstage for point-and-shoot Raman spectroscopy 
with no fluorescence. 
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acid from very small sample volumes, from blood, tissue, FFPE, or cell 
samples, in a simple and reliable process. ReliaPrep 96 gDNA Mini- 
Prep HT System provides a robust method for purifying gDNA from 
blood and Oragene-DNA sample collection devices in a multiwell for- 
mat. DNA is captured using paramagnetic particles and without the 
need for an organic solvent, eliminating the need for centrifugation or 
vacuum manifolds and making the system safe, convenient, and 
suitable for full automation. The ReliaPrep RNA Cell MiniPrep Sys- 
tem enables isolation of RNA from samples of very small numbers of 
cells. Eluted in small volumes (less than 15 uL), the isolated RNA is 
free of contaminants and inhibitors. 

Promega 

For info: 800-356-9526 | www.promega.com 


CHROMATOGRAPHY MEDIUM 

Capto L affinity chromatography medium (resin) is designed for the 
purification of antibody fragments. It combines a rigid, high-flow aga- 
rose matrix with the immunoglobulin-binding recombinant protein L 
ligand, which has strong affinity for the variable region of antibody’s 
kappa light chain. Capto L is therefore suitable for purification of a 
range of antibody fragments such as Fabs, single-chain variable 
fragments and domain antibodies. With its high dynamic binding ca- 
pacity and high selectivity, Capto L increases process economy and 
process design flexibility. Capto Lis a BioProcess medium supported 
for commercial manufacturing and enables a high-productivity plat- 
form approach to antibody fragment purification. Availability of flex- 
ible formats such as PreDictor plates and PreDictor RoboColumn 
units speeds up the screening and optimization of binding and elu- 
tion conditions. HiTrap and HiScreen prepacked columns can be uti- 
lized for confirming screening and optimization results in packed bed 
conditions as well as for convenient small-scale purification. 

GE Healthcare 

For info: 800-526-3593 | www.gelifesciences.com/captol 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 


SCIENCE VOL 337 


3 AUGUST 2012 


603 


eee fll | 
Hhigrestig 
bi nh 


Sen aaa 
i 


ai 4 


= AVAAAS|2013 
ANNUAL MEETING 


14-18 FEBRUARY e BOSTON 


lluminate a 
Cancer Biology 


The complexity of cancer systems biology requires 
innovative tools for interrogating the signaling pathways 
responsible for oncological transformation. 
Promega’s integrated tools for reporter 
gene analysis assure biologically 
relevant results in cancer research. 


cy 

js \, ==>. 
FuGENE® HD 
The next generation 
transfection reagent, 
effective on almost every 
cell type with virtually 
no cell toxicity 


ONE-Glo™ + Tox 
Multiplexed reporter 
gene analysis with off- 
target toxicity detection 
in the same well 


New! NanoLuc™ 

and pGL4 Tox Vectors 
Introducing NanoLuc - the 
brightest, smallest, luciferase 
available - plus a new line 

of pGL4 response element 
vectors for mapping 
oncological pathways 


© To get a FREE sample of any one of these reagents, visit: 
Promega www.promega.com/pathwaybiology 
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Science Careers 


Science Careers 
Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


UNITED STATES & CANADA 


E-mail: advertise@sciencecareers.org 
Fax: 202-289-6742 


Tina Burks 

United States/Canada/ 
South America 

Phone: 202-326-6577 


Marci Gallun 
Sales Administrator 
Phone: 202-326-6582 


Online Job Posting Questions 
Phone: 202-312-6375 


EUROPE & REST OF WORLD 


E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 


Simone Jux 
Phone: +44 (0)1223 326529 


Lucy Nelson 
Phone: +44 (0)1223 326527 


Kelly Grace 
Phone: +44 (0) 1223 326528 


AAPAN 

Yuri Kobayashi 

Phone: +81-50-3696-5100 
E-mail: ykobayas@aaas.org 


CHINA & TAIWAN 


Ruolei Wu 
Phone: +86-1367-1015-294 
E-mail: rwu@aaas.org 


All ads submitted for publication must comply 
with applicable U.S. and non-U.S. laws. Science 
reserves the right to refuse any advertisement 
at its sole discretion for any reason, including 
without limitation for offensive language or 
inappropriate content, and all advertising is 
subject to publisher approval. Science encour- 
ages our readers to alert us to any ads that 
they feel may be discriminatory or offensive. 


Science Careers 


From the journal Science MVAAAS 


in the tropics 


Lecturer/Senior Lecturer —- Zoology/Ecology 
Ref. No. 12237 - Cairns 


The appointee must have demonstrated a strong interest in teaching and research in biology 

in the tropics and will have an established and successful profile in tertiary teaching, graduate 
student supervision and research. The appointee will teach in general and specific areas of 
expertise and will be expected to become an active partner in the running of the Discipline. The 
appointee must also have an outstanding research track record and be expected to develop and 
maintain an internationally recognised research program on the basis of successful competitive 
grant applications. Preference may be given to applicants with interests in one or more of the 
following areas: plant-animal interactions, ecosystem services, biological control, invertebrate 
biology and/or entomology. 


Appointment will be full-time on a continuing basis. 


Salary: Lecturer - Academic Level B - $79,837 - $94,203 per annum; Senior Lecturer - Academic 
Level C - $97,075 - $111,440 per annum. Level of appointment and commencing salary will be in 
accordance with qualifications and experience. Benefits include 5 weeks annual leave, generous 
employer superannuation contribution and attractive options for salary packaging. 


Applications close on 17 August 2012. 


For more information go to: she 
www,jcu.edu.au/jobs, enter the ams 


Reference Number in the search field Panes JAMES COOK 
and follow the links. 
~~ UNIVERSITY 


AUSTRALIA 


www.jcu.edu.au/jobs 


The University of lowa 
Department of Biology 


The Department of Biology at the University of Iowa has a history of research strength in 

] Genetics, Developmental and Cell Biology, Evolution and Neurobiology. The department 
is located in recently renovated space and provides competitive salaries and benefits along 
with strong infrastructure support in the Carver Center for Genomics. 


Applications are invited for a faculty position in Genetics of Aging. We are seeking new and established 
Assistant Professor level candidates who utilize high-throughput experimental and/or bioinformatics 
approaches to address fundamental questions in genomics, gene expression, and epigenetics as 
they pertain to aging. Areas of particular interest include: genomics, with a focus on transcriptional 
regulatory networks, and/or epigenetic changes pertaining to aging; genetic basis of gene expression 
variation related to aging; the genetic control of cell signaling pathways involved in aging; combined 
experimental-computational approaches to the systems biology of aging. Individuals using established 
or emerging genetic model systems to investigate age-related functional decline of the nervous 
system or neurodegenerative disease are particularly encouraged to apply. 


Applicants must have a PhD in genetics or one of the biological sciences, post-doctoral experience, a 
recognized record of accomplishment as reflected in publications in leading journals, and the ability to 
establish an extramurally funded research program. The successful candidate must also demonstrate an 
interest in participating in the department’s teaching mission, including participation in undergraduate 
Genetics, Genomics, and/or Bioinformatics courses. Desirable qualifications include the potential for 
productive interactions with faculty in the department as well as with other life scientists at the University 
of Iowa and expertise in cutting-edge and emerging technologies and methodologies. The successful 
candidate for this position will be expected to participate actively in an ambitious new multidisciplinary 
initiative in the study of aging that includes faculty in the Colleges of Engineering, Liberal Arts and 
Sciences, Medicine, Nursing, and Public Health. New faculty with expertise in Genetics of Aging will 
complement the University’s considerable existing expertise in “The Aging Mind and Brain” to form 
the core of this innovative initiative. 


Applications should be submitted online at http://jobs.uiowa.edu under requisition 61280. Applicants 
must submit a cover letter, curriculum vitae, a statement of research objectives, a statement of teaching 
experience and interests, at most 4 publications, and the names of 3 references. Formal screening of 
applications will begin September 15, 2012 and continue until the position is filled. 


The Department of Biology and the College of Liberal Arts and Sciences are strongly committed 
to gender and ethnic diversity; the strategic plans of the University and College reflect this 
commitment. Women and minorities are encouraged to apply. The University of Iowa is an 

Affirmative Action/Equal Opportunity Employer. 
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tt NATIONAL INSTITUTES OF HEALTH 


The NIH Intramural Research Program is Recruiting 
Tenure-Track “Earl Stadtman Investigators” 


The National Institutes of Health, the U.S. government’s premier biomedical and behavioral research enterprise, is 
pleased to announce its fourth annual call for “NIH Earl Stadtman Investigators.” Scientific discoveries from our 
intramural laboratories, with their extensive infrastructure and critical mass of expertise, have a crucial role in both 
maintaining America’s research excellence and advancing medical treatments and cures. 


Come join the team whose hallmarks are stable funding, intellectual freedom, shared resources, and access to a 
broad range of scientific expertise. We seek creative and independent thinkers eager to take on high-risk, high- 
impact research in tenure-track positions. 


A variety of basic and translational/clinical positions are available, with areas of active recruitment including (but not 
limited to): Biostatistics/Bioinformatics; Chromatin Biology/Epigenetics; DNA Replication, Repair and Recombination; 
Molecular Epidemiology and Population Genetics; Molecular Immunology; Molecular Pharmacology and Toxicology; 
Neuroscience; Population Science; Stem Cells/iPS Cells; Structural Biology and Systems Biology; and Virology. 


RRKRKK 


Who we are: Among our approximately 1,200 principal investigators and 4,000 trainees are world-renowned experts in 
basic, translational and clinical research. Our strength is our diversity in pursuit of a common goal, to alleviate human 
suffering from disease. Similar to academia, we offer our scientists the opportunity to mentor outstanding trainees at all 
levels (e.g., graduate students and postdoctoral fellows) in a research setting. 


Whom we seek: For this broad, trans-NIH recruitment effort, we seek talented, early-career scientists with a clear and 
creative research vision who wish to contribute to the nation’s health. 


Qualifications/eligibility: Candidates must have an M.D., Ph.D., D.D.S./D.M.D., D.V.M, D.O., R.N./Ph.D., or equivalent 
doctoral degree and have an outstanding record of research accomplishments as evidenced by publications in major 
peer-reviewed journals. Applicants may be in early stages of their research careers or non-tenured early-to-mid career 
scientists. Appointees may be U.S. citizens, resident aliens, or non-resident aliens with, or eligible to obtain, a valid 
employment-authorization visa. 


How to apply: Applicants must submit a CV, a three-page research plan, a one-page description of their vision for future 
research and its potential impact, and contact information for three professional references through our online application 
system at http://irp.nih.gov/stadtman between August 1 and October 1, 2012. You will be asked to designate a primary 
and secondary scientific area of expertise to aid in assigning your application to the appropriate review committee. Re- 
quests for letters of recommendation will be sent to your references when you submit your application. Reference letters 
will be accepted via upload to the website until 11:59 p.m. EDT October 15, 2012. We cannot accept paper applications. 


What to expect: Search committees of subject-matter experts will review and evaluate applicants based on the following 
criteria: publication record, scientific vision and potential scientific impact of current and proposed research, demonstrated 
independence, awards and references. The committees will identify the most highly qualified candidates to invite to the NIH 
for a lecture in November or December 2012, which will be open to the NIH scientific staff, and for subsequent interviews 
with the search committees. The search committee chairs and NIH Scientific Directors, who lead our intramural programs, 
will identify finalists to be recruited as Earl Stadtman Investigators. Candidates not selected as Stadtman finalists can still be 
considered for other open NIH research positions. The entire process from application review to job offer may take several 
months, depending on the volume of applications. 


RK 


We call upon individuals who will open our eyes to possibilities we haven’t yet envisioned, to complement our scientific 
mission and enhance our research efforts. More information about our program is at http://irp.nih.gov. The inspiring 
story of Earl and Thressa Stadtman’s research at the NIH is at http://history.nih.gov/exhibits/stadtman. Specific ques- 
tions regarding this recruitment effort may be directed to Dr. Roland Owens, Assistant Director, NIH Office of Intramural 
Research, at owensrol@mail.nih.gov. DHHS and NIH are Equal Opportunity Employers. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


UF | UNIVERSITY of 

The Foundation for The Gator Nation 
The University of Florida College of Medicine in Gainesville, Florida seeks an 
innovative leader for the position of Chair of the Department of Pharmacology 


and Therapeutics. Among the strengths of the Department is the significant 
focus on the translation of drug discovery research to new therapies. 


The Department of Pharmacology and Therapeutics currently has 11 primary 
faculty members, 10 research faculty with an additional 25 faculty members 
actively engaged in basic sciences and drug discovery research encompass- 
ing the fields of molecular neuro-, cancer, and cardiovascular pharmacology, 
design, synthesis and delivery of small molecule and genetic therapeutics; 
obesity, diabetes, aging, and mechanisms of enzyme catalysis. The Chair of 
the Department of Pharmacology and Therapeutics will have an outstanding 
opportunity to facilitate and promote fundamental and translational research 
within the Department and College of Medicine. 


The successful candidate will have the Ph.D. and/or M.D. degree and be 
eligible for a faculty appointment as professor. We seek an accomplished 
scholar with an established research program, a strong record of extramural 
funding, and demonstrated leadership, entrepreneurial and administrative 
skills. The successful candidate must have proven experience as a leader 
who can inspire faculty and staff to work together to build an outstanding 
academic department. He/she should possess strong management skills, as 
well as interpersonal and communication abilities to work collaboratively 
with a broad range of constituents internally and externally. Experience in 
attracting and recruiting faculty is also key. 


Witt/Kieffer, an executive search firm specializing in healthcare, has been 
retained to assist the search committee. We would appreciate receiving 
recommendations or nominations of qualified candidates. All nominations 
will be handled with the utmost of professional courtesy and confidentiality. 
Please direct inquiries and curriculum vitae in confidence to Anne Zenzer 
through the office of Claudia Teschky at Witt/Kieffer; e-mail claudiat@ 
wittkieffer.com; phone 630-990-1370. 


The University of Florida is an 
Affirmative Action/Equal Opportunity Employer. 


College of 
Biological Sciences 


UNIVERSITY OF MINNESOTA 
Driven to Discover” 


The College of Biological Sciences at the 
University of Minnesota is hiring 16 scien- 
tists to form six interdisciplinary clusters 
in emerging areas of biology that connect 
with other STEM disciplines. All positions 
are tenure track. Successful candidates 
will have expertise that complements cur- 
rent faculty and be committed to graduate 
and undergraduate education. 


Research cluster themes include cellular 
biophysics, functional proteomics, fungal 
evolution, genome variation, microbial 
systems and synthetic biology and theo- 
retical biology. 


Learn more at . 
z.umn.edu/cbsclusterhiring 


The University of Minnesota is an equal 
opportunity educator and employer. 


“~™ Georgia Health Sciences University 
“ae Cancer Center 
Basic Cancer Research Scientists 


Georgia Health Sciences University Cancer Center is undergoing an 
unprecedented expansion in the Basic and Population science programs 
as part of an initiative to achieve designation as an NCI Cancer Center. 
Applications for positions as Assistant, Associate, or Full Professor are 
welcomed. Expertise that would complement the existing research interests 
in the Cancer Center Programs are desired, which include the following: 

* Genomics and personalized medicine; 

* Molecular oncology/biomarkers/chaperone biology; 

* Cancer immunotherapy/inflammation/tolerance; 

* Cancer cell signaling and angiogenesis; 

* Cancer prevention and control/cancer epidemiology. 


Applicants must have active extramural research funding, ideally from 
NCI, a strong track record of independent research, and ideally experience 
working in an NCI designated Cancer Center. Successful applicants will 
join a collaborative program that works closely to promote translational 
research with clinical research oncologists. Organizational strategic 
interests include the relationship between obesity, HPV and smoking as 
etiological risk factors for cancer. Applications in these research areas 
are especially welcomed. 


A competitive salary and start-up package, to commensurate with 
experience and academic qualifications is available. Interested candidates 
may apply at http://www.georgiahealth.edu/facultyjobs/ or a summary 
of research interests, curriculum vitae and names of three references 
should be sent to: John Cowell, PhD, DSc, FRCPath, Acting Associate 
Cancer Center Director for Basic Science, Georgia Health Sciences 
University Cancer Center, Augusta, GA 30912-3125; E-mail: jcowell 
@georgiahealth.edu. 


The Georgia Health Sciences University is an Equal Opportunity 
Affirmative Action, and Equal Access Employer. The Georgia Health 
Sciences University has a strong interest in promoting diversity in its 

faculty and women and minority candidates are encouraged to apply. 


There’s only one 
GALILEO GALILEI 


For your career in science, 
there’s only one 


Icometust 


Appointment of Director 


online @sciencecareers.org 


The Wellcome Trust is one of the world’s foremost charitable foundations, dedicated 
to achieving extraordinary improvements in human and animal health. Valuing the 
independence afforded to it by virtue of its endowment, the Trust supports the brightest 
minds in biomedical research and medical humanities through grants which total circa 
$1 billion per annum. Through its work, the Wellcome Trust is deeply engaged with the 
global academic, science and industry communities and works in partnership with numerous 
Governments and their Departments worldwide. 


Science Careers 


Following the appointment of Sir Mark Walport to be the UK Government Chief Scientific 
Adviser, the Board of Governors of the Trust wishes to invite applicants for the post of 
Director. Candidates will have prior leadership experience within globally significant 
organisations, alongside substantial personal achievement, to an international level, 
within medical or broad scientific research, or in a related arena in either the private or 
public sectors. 


8-10 Great George St 
London SWIP 3AE 


Todownloadtheappointmentdetailsforthisrole, pleasevisit www.perrettlaver.com/candidates 
quoting reference 1105. The deadline for applications is 12:00 noon BST on Thursday 


6th September. 


United Kingdom 
T +44 (0) 20 7340 6200 
perrettlaver.com 


Burnett School of Biomedical Sciences 
College of Medicine 


Assistant/Associate/Full Professors 
in Cancer, Cardiovascular and 
Metabolic Diseases, and 
Neurodegenerative Diseases 


The University of Central Florida College of 

Medicine’s Burnett School of Biomedical 

Sciences seeks outstanding scientists to establish 

well-funded research programs in areas relevant 

to Cancer, Cardiovascular and Metabolic Diseases, or Neurodegenerative diseases. 
Applicants with a strong emphasis on clinical collaboration and/or interests in 
inflammation, immune function, or physical methods of imaging (such as MRI) 
and diagnosis are encouraged to apply. In addition to maintaining a funded research 
program, active participation in undergraduate, graduate, and MD educational 
programs will be expected. Successful applicants must hold an earned doctorate in 
a discipline appropriate to the school program. 


The position includes a competitive salary, startup package and laboratory space in 
a new 198,000 sq. ft. biomedical research building, which includes a transgenic 
animal facility. The approved applicant will work at the College of Medicine’s new 
location at Lake Nona’s emerging medical city. In addition to UCF’s Health 
Sciences Campus, medical city includes the Sanford-Burnham Medical Research 
Institute, Nemours Children's Hospital, the Orlando VA Medical Center and the UF 
School of Pharmacy branch campus which provide unique opportunities for 
research partnerships. The Burnett School currently has 43 full-time faculty 2,463 
undergraduate majors and 120 graduate students in MS and Ph.D. programs. 


UCF is the nation's second largest university with over 58,000 students and is 

located in Orlando, a progressive metropolitan area and a major player in high-tech 

industry with a top ranked Research Park. Review of candidates will begin on 

August 1, 2012. Please apply specifying your area of interest, a curriculum vitae, a 

two page summary of research plans and contact information for three or more ref- 
erences to http://www.jobswithucf.com:80/ 
postings/32988 


: The University of Central Florida is an equal 
SS3 opportunity, equal access, and affirmative 
=> University of action employer. As a member of the Florida 


State University System, all application 
Centr al materials and selection procedures are 
Florida 


available for public review. 


—~ 
UNIVERSITY of MARYLAND 
SCHOOL OF MEDICINE 


fl 
DEPARTMENT OF MICROBIOLOGY AND 
IMMUNOLOGY FACULTY POSITIONS 


The Department of Microbiology and Immunology at the University 
of Maryland School of Medicine (http://medschool.umaryland.edu/ 
Microbiology) is recruiting new or established investigators with 
active RO1 or equivalent funded research programs in host-pathogen 
interactions. Highly qualified individuals will be considered for tenure- 
track positions at the rank of Assistant, Associate or full Professor. The 
Department and the School of Medicine have significant strengths in 
microbial pathogenesis, vaccine development, HIV biology, genome 
sciences, microbiomes, inflammation, innate and adaptive immunity, 
clinical infectious diseases and international medicine. The Department 
offers excellent laboratory facilities, competitive salary and startup pack- 
ages, and access to numerous core facilities including state-of-the-art 
BSL3 and ABSL3 facilities. We are interested in candidates who use 
multidisciplinary approaches to investigate the interaction of pathogenic 
and commensal bacteria, parasites, non-HIV viruses, or fungi with the 
host and with a strong desire to interact with other investigators in 
the institution. Successful candidates are expected to maintain active 
research programs and participate in department teaching and service 
opportunities. 


Interested applicants are invited to submit the following in a single PDF 
file to: microfacsearch@som.umaryland.edu: (1) detailed curriculum 
vitae, (2) statement of research interests, goals, and (3) names and contact 
information for three to five references. Applications should be addressed 
to the attention of: Chair, Faculty Search Committee. 


The University of Maryland, Baltimore is an 
Equal Opportunity, Affirmative Action Employer. 


online @sciencecareers.org 


Science Careers 


= Conventions at 


Scientific 
Authorship 


AAAS is here — 


helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit 
ScienceCareers.org in search of the information, advice, and 
opportunities they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers 
offers a suite of tools and services developed specifically for 
scientists. With hundreds of career development articles, 
webinars and downloadable booklets filled with practical 
advice, a community forum providing answers to career 
questions, and thousands of job listings in academia, govern- 
ment, and industry, Science Careers has helped countless 
individuals prepare themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service 
freely available to the scientific community. If you’re not a 
member, join us. Together we can make a difference. 


To learn more, visit 
aaas.org/plusyou/sciencecareers 


MXAAAS+tU=A 
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The University of Georgia 


University of Georgia Athletic 
Association Distinguished 
Professor in 
Biomedical Sciences 


The Department of Pharmaceutical and 
Biomedical Sciences (http://pbs.rx.uga.edu/) 
in the College of Pharmacy at the University 
of Georgia in Athens is seeking a senior- 
level individual interested in contributing to 
the success of a multidisciplinary research 
program. This state-supported, endowed 
position at the rank of tenured professor offers 
a generous start-up package with substantial 
laboratory space in a newly-built, state-of-the- 
art research building. We seek an outstanding 
scholar with an internationally-recognized 
research program in the general areas of 
drug discovery, drug, gene or cell therapy, 
pharmaceutics, cancer biology, neuroscience, 
pharmacogenetics, or immunology. The 
successful candidate is expected to have a 
PhD, MD, or equivalent and an established 
research program and strong funding. 


Applications will be processed until the position 
is filled. Submit curriculum vitae, summary 
of research interests, and contact information 
for three references in a single Word or PDF 
document to pbsearch@uga.edu. Please 
reference position #66336. 


The University of Georgia is an Equal 
Opportunity/Affirmative Action Employer. 
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WISCONSIN 
Assistant Professor of Mycology in 
the Department of Plant Pathology 


The Department of Plant Pathology invites 
applications for a tenure-track faculty position in 
mycology. We seek candidates whose research is 
at the cutting edge of any area in plant-associated 
mycology, including by not limited to the ecol- 
ogy, population biology, physiology, genetics, 
or genomics of fungi or oomycetes associated 
with vascular plants. The successful candidate 
will be expected to develop a vigorous extra- 
murally funded research program, to participate 
in undergraduate and graduate teaching, and to 
perform service important to the university and 
profession. 


Applications should be sent as a single PDF 
that includes a cover letter, a curriculum vitae 
documenting research and teaching experience, 
a research plan, and a statement of teaching phi- 
losophy and interests. Arrange to have electronic 
reference letters sent from three individuals 
directly to the search committee. All materials 
should be sent by email to Amy Charkowski 
at acharkowski@wisc.edu. To ensure full con- 
sideration application material must be received 
by September 15, 2012. Further application 
details are at http://www.ohr.wisc.edu/pvl/ 
pv_074084.html 
The University of Wisconsin is an Equal 
Opportunity/Affirmative Action Employer. 
We promote excellence through diversity and 
encourage all qualified individuals to apply. 


Research Positions in Radiological Sciences 


The School of Radiation Medicine and Protection (SRMP) and School 
of Radiological and Interdisciplinary Sciences (RAD-X) of Soochow 
University Medical College in Suzhou, China, are seeking outstanding 
candidates for Postdoctoral Fellows, Associate and Full Professors in 
the broad research areas of Radiological Sciences, including Radiation 
Biology, Radiation Oncology, Radiation Protection, Nuclear Medicine, 
Medical Imaging, Nano-Biomedicine, Medical Physics, Nuclear 
Science and Technology, and Radiochemistry. 


Postdoctoral Candidates should have a PhD in the last 3 years and will 
join Full Professors’ research groups in the fields listed above. Associate 
Professor Candidates should have a PhD and >3-year postdoctoral 
experience in the related fields and scholarly publication records. Full 
Professor Candidates should have demonstrated the ability to develop 
original and externally funded research programs. All candidates should 
have a command of spoken and written English. 


Successful appointees will be offered an excellent package including 
sufficient lab space, start-up funding, relocation aid, competitive salary 
commensurate with experience, and other employee benefits. 


Applicants should submit (i) a cover letter summarizing current 
research projects and future plans, (ii) a curriculum vitae, and (iii) 
names and contact info of 3 professional referees to: SRMP and RAD- 
X Search Committee, Soochow University, Dushu Lake Campus, 
199 Ren-Ai Road, Industrial Park, Suzhou 215123, China; E-mail: 
bxzhu@suda.edu.cn. 


WASHINGTON STATE 
at) UNIVERSITY 


Assistant Professor of Muscle Physiology 


The Department of Veterinary and Comparative Anatomy, Pharmacology and 
Physiology (VCAPP) at Washington State University, seeks to fill a tenure-track, 
full-time, position at the rank of Assistant Professor to begin January 2013. 
This position is a permanent state funded 9-month position with summer 
funding available for the first two years of appointment. Applicants must 
have earned one of the following doctoral degrees (PhD, MD, DVM), at least 
2 years post-doctoral research experience, and a demonstrated potential to 
establish an externally-funded research program. 


The successful applicant will be expected to develop and maintain an extra- 
murally funded research program in cellular and molecular events underlying 
striated muscle contraction. Ability to complement existing muscle research 
on the thin filament regulation of cardiac muscle contraction is highly desir- 
able. Duties will include classroom instruction of professional veterinary cur- 
riculum in Physiology and in the department graduate programs. The ability 
to support and mentor graduate students and serve on student, departmental, 
and college committees is required. 


Salary and rank are dependent upon qualifications. A generous start-up 
package is available. Laboratory space will be assigned in a newly-built 
state-of-the-art research building. 


Washington State University has a vibrant research community and is located 
ina region having a high quality of life for those who enjoy the outdoors, the 
arts, and collegiality of neighbors. 


Screening of applications will begin September 1, 2012. The application 
must include a cover letter, curriculum vitae, description of teaching experi- 
ence and philosophy, a summary of research interests and a well-developed 
description of research agenda, and names and contact information (including 
email addresses) for three references. Applications with above attachments 
accepted at https://www.wsujobs.com. No paper submissions accepted. 
Direct inquiries by e-mail to kinslow@vetmed.wsu.edu. 


EEO/AA 


Grand Forks, 
North Dakota 


University of North Dakota 
Founding Chair of Basic Sciences 


he University of North Dakota School of Medicine and Health 

Sciences (UND SMHS), Grand Forks, seeks a Founding Chair of 
Basic Sciences to consolidate and lead four now separate 
departments: Anatomy and Cell Biology; Biochemistry and Molecular 
Biology; Microbiology and Immunology; and Pharmacology, 
Physiology and Therapeutics. The Founding Chair of Basic Sciences 
will work with the SMHS administration and basic science faculty to 
create one coherent and highly functioning department, to establish a 
common vision, and to create a departmental culture that is 
productive, collaborative and innovative in teaching, research and 
service. As North Dakota’s only medical school, SMHS is uniquely 
positioned to make an important difference to the health of the 
population of the state and the region. 


The Founding Chair of Basic Sciences will actively support faculty in 
their various teaching, research, and service endeavors; play a 
significant role in supporting and expanding basic science research 
output and funding at SMHS; establish a unified tenure and 
promotion process; and build a consolidated, interdisciplinary 
graduate program with uniform policies, procedures and approaches. 
The Founding Chair of Basic Sciences will be a key member of the 
SMHS senior leadership team which will be instrumental in recruiting 
outstanding faculty, students and staff. The University seeks a 
visionary leader who will serve as a compelling advocate for basic 
science research initiatives within the university, with potential funding 
sources, and with other external constituencies. The SMHS is 
prepared to offer the Founding Chair of Basic Sciences a recruitment 
package that will ensure the space, faculty and operating resources 
necessary for the Chair to be successful. 


Required Qualifications: Ph.D, M.D., or equivalent terminal degree; 
academic work appropriately qualified for appointment as Professor 
at the UND SMHS; a distinguished record of teaching and 
extramurally funded research. 


Preferred Qualifications: Demonstrated success leading in a basic 
science department, division, or center/institute; a successful track 
record of recruitment and development of faculty and students; a 
national reputation as an academic leader, with significant current or 
recent sponsored research funding as a principal investigator; a record 
of solid performance as a skilled manager with the ability to meet 
budgets, allocate resources, develop people, work collaboratively, 
and develop innovative approaches to achieve goals; experience in 
the development and successful implementation of new research 
programs; a proven track record of working collaboratively across 
disciplines and across the University; management education or 
training a plus. 


Nominations and/or letters of application may be sent electronically 
to the Search Consultants who are assisting this search: 


Karen Otto, Senior Vice President or 
Claudia Teschky, Senior Consultant or 
Janice Feldman, Associate 
Witt/Kieffer 
2015 Spring Road, Suite 510 
Oak Brook, Illinois, 60523 
UNDBasicScience @wittkieffer.com 
Phone: 630-990-1370; 

Fax: 630-990-1382. 


Consideration of candidates will begin immediately and will continue 
until the position is filled. 


*Any submission regarding this opening is subject to the open 
records laws under North Dakota statutes. The names of all 
candidates and nominees are a matter of public record under the 
open meetings-open records statutes and policies of the State of 
North Dakota. Prior to nomination or declaration of candidacy, 
individuals who may want information on the position are invited to 
call the Search Consultant. 


The University of North Dakota is dedicated to academic and research 
excellence, achieved through building a culturally diverse community. The 
University of North Dakota is an equal opportunity/affirmative action employer 
and actively seeks and encourages expressions of interest and applications from 
women, persons with disabilities, and members of underrepresented populations. 
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The Department of Medicinal Chemistry and 
Pharmacognosy invites applications for a full- 
time, tenure-track faculty position at the rank 
of ASSISTANT PROFESSOR. A Doctorate in 
Synthetic Organic or Medicinal Chemistry and 
related postdoctoral experience are required. Suc- 
cessful candidates will have the potential to devel- 
op and maintain a strong, extramurally funded, 
independent research program that fosters col- 
laborations. Priority will be given to research in 
synthetic medicinal chemistry. The applicant will 
play an active role in the development of a new 
drug discovery center at the University of Illinois 
at Chicago (UIC). Candidates are expected to 
teach in the graduate program and professional 
curriculum in the College of Pharmacy. Applicants 
should complete an application package and sub- 
mit curriculum vitae, a research proposal, and 
the contact information for three references at 
website: http://jobs.uic.edu/job-board /job- 
details?jobID=20959. Further information is 
available at website: http://mcp.pharm.uic. 
edu. Questions may be directed to e-mail: mcp@ 
uic.edu. 

For fullest consideration, submit full applica- 
tion materials by October 15, 2012. 

Equal Opportunity /Affirmative Action Employer. 


DEVELOPMENTAL BIOLOGIST 


Goucher College’s Department of Biological Sci- 
ences has a tenure-track opening at the ASSISTANT 
PROFESSOR level for a broadly trained develop- 
mental biologist beginning Fall 2013. Candidates will 
be dedicated to student mentoring, ongoing scholarly 
research, a strong commitment to teaching and the 
liberal arts, and service to the department and college. 
Candidates must possess a Ph.D.; postdoctoral work 
and teaching experience are preferred. Responsibilities 
include teaching an advanced course in developmental 
biology, participation in intermediate courses for biol- 
ogy majors, introductory courses for majors and/or 
non-majors, and developing a research program that 
includes undergraduates. Experience with vertebrate 
models is desirable. 

Goucher College is a selective liberal arts college 


located in Towson, Maryland, 20 minutes north of 


Baltimore. The college’s strategic plan emphasizes en- 
vironmental sustainability and international and in- 
tercultural experiences, and there are opportunities for 
faculty to develop courses and experiences with these 
focuses. Goucher College is committed to increasing 
the diversity of the campus community and encourages 
applicants that will fulfill that mission. 

Interested applicants must apply online by October 1, 
2012 at website: http://goucher.interviewexchange. 
com. 

Please submit the following application materials 
online: (1) curriculum vitae, (2) statement of teaching 
philosophy, and (3) description of research interests. 
Three letters of recommendation and official under- 
graduate and graduate transcripts should be forwarded 
separately to: Provost’s Office, Goucher College, 1021 
Dulaney Valley Road, Baltimore, Maryland 21204- 
2794. Goucher College is an Equal Opportunity Employer. 


CAREER OPPORTUNITY—Doctor of Optom- 
etry (O.D.) degree in 27 months for Ph.D.s in sci- 
ence and M.D.s. Excellent career opportunities for 
O.D./Ph.D.s and O.D./M.D.s in research, education, 
industry, and clinical practice. This unique program 
starts in March of each year, features small classes, and 
12 months devoted to clinical care. 

Contact the Admissions Office, telephone: 800-824- 
5526 at the New England College of Optometry, 
424 Beacon Street, Boston, MA 02115. Additional 
information at website: http://www.neco.edu, e-mail: 
admissions@neco.edu. 
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POSITIONS OPEN 


DEPARTMENT CHAIR 
Environmental Sciences 


A Chairperson for the Environmental Sciences De- 
partment at Brookhaven National Laboratory is sought 
to lead the continued development of internationally 
competitive programs in climate, environmental sci- 
ence, and technology. The successfull candidate will be 
expected to maintain their own active research pro- 
gram in one or more of the following areas: terrestrial 
ecosystem science, aerosol and cloud properties and 
their effects on climate, and/or climate model devel- 
opment particularly related to improving atmospheric 
and/or carbon cycle processes that are relevant to U.S. 
Department of Energy missions in energy and envi- 
ronment. Additionally, they are expected to provide 
intellectual and managerial leadership for the depart- 
ment, develop a scientific vision for the department, and 
build strategic partnerships that enhance the depart- 
ment R&D efforts. The potential for a joint appoint- 
ment with Stony Brook University can be explored for 
interested candidates. A full description of the depart- 
ment, the position and its requirements, and how to ap- 
ply are given at website: http://www.bnl.gov/envsci/ 
chair.php. Interested candidates are encouraged to ap- 
ply prior to 10 September 2012. 

Brookhaven National Laboratory is an Equal Opportunity Em- 
ployer committed to building and maintaining a diverse workforce. 


ASSISTANT PROFESSOR 
Complex Systems 


The Center for the Study of Complex Systems (CSCS) 
at the University of Michigan invites applications for a 
tenure-track position of Assistant Professor of Com- 
plex Systems. The appointment will begin September 1, 
2013. Information about the Center can be found on 
website: http://www.cscs.umich.edu. 

Required Qualifications: Candidates must have a 
demonstrated interest in complex systems and a doc- 
toral degree in a related field such as computer science, 
information science, physics, computer engineering, 
bioinformatics, economics, sociology, or mathemat- 
ics, among others. 

How to Apply: All applications must be submitted 
electronically to e-mail: complex.systems.faculty. 
position@umich.edu. 

Applicants should submit one PDF file that includes: 
current curriculum vitae, statement of current and fu- 
ture research plans, a statement of teaching philosophy 
and experience, and one writing sample. At least three 
letters of recommendation are required and may be sent 
electronically in separate PDF files to the same e-mail 
address. Application deadline: September 30, 2012. 


HARVARD UNIVERSITY 

The Department of Psychology anticipates making a 
tenure-track appointment at the ASSISTANT PRO- 
FESSOR level to begin July 1, 2013. 

We seek candidates with exceptional promise in the 
area of social psychology. Although we are especially 
interested in candidates whose research focuses on 
judgment and decision-making, emotion, or social 
networks, we are less concerned with interests than 
with excellence. 

It is required that candidates will have completed all 
requirements for the Ph.D. by the start date of the 
appointment. Teaching duties will include offerings at 
both undergraduate and graduate levels. 

Candidates should submit curriculum vitae, research 
and teaching statements, representative reprints, and 
the contact information for at least three references to 
website: http://academicpositions.harvard.edu/ 
postings/4177. Questions regarding this position 
can be addressed by calling telephone: 617-384-9425. 
The closing date for applying is October 1. 

Applications from women and minority groups are strongly 
encouraged. Harvard University is an Affirmative Action/Equal 
Opportunity Employer. 


POSITIONS OPEN 


FACULTY POSITION 
Organic Chemistry 

The Department of Chemistry at the University of 
Kansas is seeking exceptional candidates for a tenure- 
track position in Organic Chemistry at the assistant 
professor level expected to begin as early as August 18, 
2013. The successful candidate will help to realize the 
Department’s goal of strengthening research exper- 
tise in the area of chemical synthesis related to drug 
discovery/ development. The University of Kansas is 
especially interested in hiring faculty members who can 
contribute to four key campus- -wide strategic initiatives: 
(1) Sustaining the Planet, Powering the World; (2) 
Promoting Well-Being, Finding Cures; (3) Harnessing 
Information, Multiplying Knowledge; and (4) Building 
Communities, Expanding Opportunities. See website: 
http:/, -Peaww: provost.ku.edu/planning/themes/ for 
more information. A desire to effectively teach at both 
the undergraduate and graduate levels is expected and 
a statement of teaching philosophy and interests is re- 
quired. A competitive salary will be offered that is com- 
mensurate with experience. A Ph.D. or ABD in chemistry 
or closely related field is expected by start date of ap- 
pointment and postdoctoral experience is desirable. 
For a complete announcement and to apply online, go 
to website: http://www.ku.edu/employment/ and 
search for position 00002395. Submit application 
cover letter, curriculum vitae, a list of three referees, and 
a two page teaching philosophy statement/expertise/and 
interests online. The following information: a brief sum- 
mary of two-three research proposals (two pages each) 
and three letters of recommendation should be sent 
separately to: Elaine Knight, Organic Search Commit- 
tee Coordinator, Department of Chemistry, Malott 
Hall, 1251 Wescoe Hall Drive, University of Kansas, 
Lawrence, KS 66045 (telephone: 785-864-5206). 
Review of applications will begin October 1, 2011, and 
will continue as long as needed to identify a qualified 
pool. Equal Opportunity /Affirmative Action Employer. 


ASSISTANT PROFESSOR 

The College of Veterinary Medicine of Mississippi 
State University (MSU) is seeking applications for a 
tenure-track Assistant Professor position in the Depart- 
ment of Basic Sciences. The successful applicant must 
have research experience and interest in veterinary and 
human microbiology, immunology, and/or infectious 
diseases. Experience with select agents is needed to ex- 
pand capabilities of our program. The person selected 
for this position will be expected to develop an active 
research program with extramural funding and to col- 
laborate with other faculty members who share research 
interests. Infectious disease researchers constitute the 
largest research specialty in the Department of Basic 
Sciences, and collaborative opportunities are available. 
The successful applicant will be expected to participate 
in our instructional programs for graduate (M.S. and 
Ph.D.) and/or D.V.M. students. A terminal degree and 
postdoctoral experience with evidence of research pro- 
ductivity are required, with preference for candidates 
who have both Ph.D. and D.V.M. degrees. Top priority 
will be given to applicants with existing extramural re- 
search funding. Salary will be competitive. Applications 
will be reviewed in August 2012. Please send curricu- 
lum vitae, names, and contact information for three 
persons who can provide letters of reference, and a brief 
(one page or less) statement of research plans and goals 
as well as teaching philosophy to: Dr. Stephen B. Pruett, 
Department of Basic Science, College of Veterinary 
Medicine, P.O. Box 6100, Mississippi State, Mis- 
sissippi 39762. Electronic communication is preferred 
(e-mail: pruett@cvm.msstate.edu). MSU is an Affirma- 
tive Action/Equal Opportunity Employer and members of minority 
groups who are underrepresented in the sciences are particularly en- 
couraged to apply. 
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